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ABSTRACT 
 
Biodiesel fuels and their blends with diesel are often used to reduce carbon trace 
and to help reducing engine emissions.  However, previous studies have shown mixed 
effects of biodiesel on NOx emissions.  Operating a compression-ignition engine in 
low-temperature combustion mode as well as using multiple injections can reduce NOx 
emissions.  The effects of injection timing, spray angle and fuel composition are studied 
using a modified version of KIVA 3V code.  The objectives of this research include: 1) 
to examine the effects of fuel on engine performance and emissions; 2) to study the 
effects of spray angle on flow patterns and pollutants formation using a discrete multi -
component approach; 3) to develop a new droplet evaporation model using the 
continuous thermodynamics formulation, which is capable in accommodating multiple 
distribution functions, accounts for preferential evaporation, finite diffusion and surface 
regression of the droplet; 4) to demonstrate the applicability of the proposed model in 
engine applications.  A numerical study is also conducted to study the effect of spray 
angle in a small bore high speed direct injection engine. Soot located in the squish 
region or the region above the piston bowl are readily oxidized due to abundance of 
oxygen.  Portions of fuel are burnt in the region about the piston bowl or squish for 
both spray angles of 150° and 70°.  Soot located within the piston bowl is oxidized at a 
much slower rate due to deficient of oxygen after combustion. Soot emissions are 
mainly due to soot remaining within in the piston bowl at the end of combustion cycle.  
Any strategy that pushes soot out of the piston bowl can improve the oxidation process, 
thus, reducing soot emission.  Extra oxygen in biodiesel also helps in reducing the 
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emission.  The effects of variable cone angle spray on the performance of a diesel 
engine are studied.  Using a variable cone angle injection extends the range of injection 
time without engine wall wetting, which decreases soot and unburnt hydrocarbon 
emissions.  The numerical predictions show a 10% improvement in thermal efficiency 
without compromising NOx and soot emissions. 
The study shows that the evaporation of the fuel affects the ignition behavior 
and combustion quality.  Therefore, a thorough understanding of the evaporation and 
mixing processes is essential for further improvement in engine performance.   A multi-
component droplet evaporation model, as efficient as a traditional zero-dimensional 
model, yet preserving the correct description of the underlying physical process is 
developed in this study.  The continuous thermodynamics formulation is used, for 
which the fuel (or liquid mixture) is described using a probability distribution function.  
The variation of composition in both liquid and vapor phases is represented by tracing 
the changes of the probability distribution function parameters.  In the present study, 
the gamma distribution is used to represent the fuel fractions, and, the composition is 
tracked by tracing the mean and standard deviation of the distribution function.  Finite 
diffusion, internal circulation, surface regression and high pressure effects are all 
accounted for.  The model is shown to reproduce in a satisfactorily manner, 
experimental measurements adopted from the literature.  The model is applied to 
predict the evaporation of single component (distribution) and multi-component 
droplets.  The results show that the proposed model predicts the important distillation 
characteristics of practical fuel, which cannot be reproduced by a single component 
model. 
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1. INTRODUCTION 
 
 Biofuels have been considered as viable alternatives to petroleum-based fuels in 
automotive engines.  However, the effects on evaporation, combustion and pollutants of 
biofuels are not yet fully understood.  This study focuses on the multi-component effects 
on the evaporation and combustion of biofuels and blends using a numerical approach.  
This chapter discusses the motivation for this research, follows with literature survey on 
the research topic and concludes with a discussion on the objectives of study. 
 
1.1 Background and Motivation 
Petroleum-based fuels are used in internal combustion engines for power 
generation.  Global demand for petroleum-based fuels has been increasing, especially in 
the past decade; meanwhile, the increase in supply is growing at a slower rate, resulting 
in a sharp rise in energy cost.  Elevated energy costs affect economies that rely heavily on 
road transportation of goods.  Moreover, scientists had predicted that global supply of 
petroleum is likely to decrease in the foreseeable future.  On the other hand, the diesel 
engine is known to have better thermal efficiency than spark-ignition engine due to 
higher compression ratio.  The engine is designed to withstand higher pressure, and 
therefore, higher power output is possible with diesel engines, comparing to gasoline 
engines.  Fuels are injected into the combustion chamber directly, thus, reducing fuel 
consumption.  All of these make the diesel engine a promising technology as an efficient 
power supply for future vehicles.  Unfortunately, engine emissions, in particular, NOx 
and particulate matter remain the biggest concern of diesel engines.  This issue has 
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prompted research in cleaner engine technologies, for example, using biofuels to reduce 
emissions.  Biofuels are fuels derived from agricultural products, once more expensive 
than petroleum-based fuels, but now the cost difference between the two is much smaller.  
Most engines can run on biofuels with few modifications, if any are needed at all. 
Government regulations on emissions are becoming more stringent in recent 
years.  For example, in 2010, a new standard will go in effect for particulate matters (PM) 
and NOx emissions: 0.085 g/kWh for PM and 0.27 g/kWh for NOx in United States.  
Modifying the fuel is one of the current focuses in engine research.  Using different fuels 
in the engine modifies the combustion process; this may restrict the formation of NOx, 
particulate matter and carbon monoxide (a toxic combustion product).  Ethanol, which is 
produced from corn, is usually added to gasoline for use in spark-ignition engines.  
Biodiesel, commonly produced from soybeans in North America, is mixed with diesel 
fuel for use in compression-ignition engines.  Previous studies have shown vast reduction 
of carbon monoxide, unburnt hydrocarbon and soot emissions with both of these 
alternatives.  Nevertheless, the wide-spread usage of biofuels can reduce the reliance on 
foreign imports for domestic energy needs, since corn and soybean are among the most 
significant agricultural products in North America. 
Biodiesel consists of long-chain mono-alkyl esters of vegetable oils or animal 
fats, for example, waste cooking oil, beef tallow, soybean oil and rapeseed oil.  Biodiesel 
is produced from the transesterification process, separating the biodiesel (mono-alkyl 
esters) from glycerin, from alcohol and a base catalyst, usually sodium or potassium 
hydroxide.  Glycerin is a valuable by-product as it is used in a wide range of chemical 
processes such as production of soaps and cosmetics, also in the pharmaceutical industry. 
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Biodiesel is considered one of the more viable substitutes of diesel in 
compression-ignition engines.  The most significant benefit to biodiesel is that it requires 
few to no modifications to the current energy distribution system.  Biodiesel can be burnt 
in current diesel engines with almost no modifications, and can be delivered using the 
current distribution system.  The flashpoint, above which the fuel vapor of biodiesel 
becomes flammable, is about 433 K, almost 100 K higher than that of petroleum-based 
diesel fuels (Yuan, 2005; Zhang et al., 2003).  This implies that the risk of fire hazard 
associated with biodiesel is much lower.  Biodiesel, being derived from agricultural 
products, causes no net gain of carbon dioxide, the main contributor to global greenhouse 
effects, in the environment.  Moreover, as an agricultural product, biodiesel is also 
biodegradable and poses much less concern to the environment in the rare event of a 
major spill.  Previous studies also showed that up to 50% reduction of carbon monoxide 
and particulate matters (Choi and Reitz, 1999).   
Despite the numerous advantages of biodiesel, several issues must be resolved 
before it can be introduced as a general replacement of conventional diesel fuel.  Biodiesel 
in general has lower energy content than no. 2 diesel, reflected in higher specific fuel 
consumption, comparing to no. 2 diesel.  Cold weather usage might not be viable as 
biodiesel has higher viscosity and gelling point.  Biodiesel may produce up to 10% more 
NOx emissions from typical diesel emissions (Environmental Protection Agency [EPA], 
2002).  Another major issue with biodiesel is the variations in fuel properties for fuels 
produced from different sources.  Fuels produced from different agricultural products may 
see different chemical structures, properties and energy contents.  As shown in Table 1.1, 
the lower heating value may vary by up to 10% for biodiesel produced from different 
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sources.  Cetane number, measuring the ignition quality, of biodiesel also strongly depends 
on the source material used to produce the fuel. 
 
Table 1.1 Comparison of properties of biodiesel fuels from various sources. 
Fuel 
Cetane 
Number 
LHV 
[MJ/kg] 
ΔHfg 
[kJ/kg]
 
(ix)
 
Equivalent 
Fuel 
Molecule 
Stoichio
-metric  
A/F 
Ratio 
Oxygen 
Content 
[%] 
B
io
d
ie
se
l 
Palm  62.0  
(vii)
 37.8 
(vii)
 312.9 C18H35O2
 (ix)
 12.52 
(ix)
 11.31 % 
Soybean  46.2
 (viii)
 39.8
 (viii)
 320.2 C19H35O2 
(ix)
 12.47 
(ix)
 10.85 % 
Sunflower  49.0 
(vii)
 38.1
(vii)
 320.2 C18H32O2 
(v)
 12.16 
(v)
 11.43 % 
Tallow  58.0 
(ii)
 39.9 
(ii)
 312.9 C18H35O2 
(i) 
12.48 
(i)
 11.34 % 
Canola  49.6 
(iv)
 40.1 
(iv)
 325.0 C19H35O2 
(vi)
 12.47 
(vi)
 10.85 % 
Rapeseed  52.9 
(iii)
 37.3  
(iii)
 320.2 C21H39O2 
(ix)
  12.67 
(ix)
  9.91 %  
Diesel 
(x)
 48.0 42.5 270.0 C12H22 14.5 N/A 
Notes 
(i)
 Alcantara et al. (2000); 
(ii)
 Ali et al.(1995); 
(iii)
 Graboski and McCormick (1998);  
(iv)
 Lang et al. (2001); 
(v)
 Morin et al. (2004); 
(vi)
 Peterson and Hustrulid (1998);  
(vii)
 Pischinger et al. (1982); 
(viii)
 Schwab et al. (1987); 
(ix)
 Yuan (2005);  
(x)
 Heywood (1988). 
 
 A thorough understanding of the combustion process of biodiesel in engines is the 
key in order to further promote the technology.  The process for converting chemical 
energy into power for the vehicles in an engine is complex and involves: fuel injection, 
atomization, impingement, evaporation of fuel, prior to ignition, combustion and 
pollutants (combustion products) formation.  A comprehensive understanding of each of 
these processes is necessary in order to improve engine performance.   
Numerical modelling has become an attractive tool.  Recent advancements in 
computer technology allow complicated processes within the engine be simulated.  
Spray evaporation is a deterministic factor controlling the ignition and combustion 
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quality, and thus the combustion efficiency and emission of an engine.  Practical fuels 
are generally composed of hundreds of components with widely varying properties.  
For example, the boiling points can range from 350 K to 750 K for gasoline or diesel 
fuels.  As a result, multi-component fuels behave differently from single component 
fuels during evaporation. 
There are different approaches to dealing with the vaporization process of a 
complicated liquid mixture, continuous thermodynamics being one of the more 
promising ones.  The foundation of this method is to describe the mixture 
composition using a probability distribution function of one or more characterizing 
variable(s), usually the molecular weight or boiling point.  Successful efforts in the 
area had been reported in the literature (Hallett, 2000; Lippert and Reitz, 1997; 
Tamim and Hallett, 1995).  Given the current interest in biodiesel technology, a 
multiple-distributions approach must be used, given the vast dissimilarity in 
properties of diesel and biofuels.  In the multiple-distribution approach, diesel and 
biofuels are separately described by two or more distribution functions.  Multiple 
distributions have been implemented for calculating the evaporation of a single 
droplet (Abdel-Qader and Hallett, 2005).  However, this model is impractical for 
typical engine calculations, since thousands of droplets are present in typical engine 
spray simulations.  The intention of this research is to examine the combustion 
characteristics of biodiesel and ways to reduce emissions, and to develop a general 
multi-component evaporation model, using a continuous thermodynamics 
formulation, suitable for mixtures with different groups of compounds, providing 
sufficient preciseness with practical computational expense.  
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1.2 Literature Review 
1.2.1 Engine Operation with Biodiesel and Its Blends 
Due to different thermo-chemical properties of biodiesel and diesel, it is 
expected that engine performance will be different when operating on fuels mixed 
with biodiesel.  Fuel consumption, the ignition and combustion process and emissions 
are all affected by the fuel used in the engine.  As a consequence of recent 
amendments to emission regulations, most of the recent efforts in biodiesel 
applications focused on emissions and its control.   
From a recent study by Canacki (2007), higher fuel consumption was reported 
for a four-cylinder turbocharged direct-injection compression-ignition engine running 
at full load and 1400 rpm without loss in thermal efficiency.  The author concluded 
that higher fuel consumption of biodiesel was necessary to compensate the loss of 
power output due to lower heating value of biodiesel.  The heating value of biodiesel, 
for the varieties shown in Table 1.1, is about 10% lower than petroleum-based diesel.  
This implies that higher fuel consumption is expected for biodiesel, if the same power 
output from the engine is sought.  Hansen et al. (2006) reported that torque output is 
about 10% lower for biodiesel, this translated to a higher fuel consumption rate 
should constant torque output be desired.  The same study also showed that the fuel 
consumption rate increased proportionally to the fraction of biodiesel in blended 
fuels.   Other studies have shown that some biodiesel fuels maintained thermal 
efficiency that was similar to traditional diesel, yet with higher fuel consumption rate 
due to lower energy content of biodiesel (Canacki and Van Gerpen, 2003). 
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Because of the differences in chemical structure of biodiesel and conventional 
diesel, the ignition and combustion processes would be different for biodiesel and regular 
diesel fuels.  For the diesel engine, where fuels are auto-ignited by the compression of the 
piston at about top-dead-center, the instance of ignition is one of the major concerns in 
the study of engine performance.  The physical/chemical properties of the fuel, engine 
configuration and operation parameters all exert significant effects on ignition delay.  
Previous studies showed that biodiesel fuels have higher viscosity and surface tension 
than conventional diesel (Allen et al., 1998; Graboski and McCormick, 1998; Yuan, 
2005).  Viscosity strongly affects the atomization process.  It was shown that biodiesel 
increased spray penetration in the combustion chamber (Senda et al., 2004).  For 
biodiesel, higher viscosity offsets the benefits that come with higher cetane number.  
Experiment results were reported in the literature on the measurement of ignition delay.  
No conclusive results could be drawn from the literature.  It has been reported that 
biodiesel may shorten the ignition delay (Lee et al., 2005; Szybist et al., 2005; Tsolakis et 
al., 2007).  The chemical structure of biodiesel promotes ignition and combustion in the 
combustion chamber.  Biodiesel molecules carry oxygen atoms, an essential ingredient of 
combustion.  It is also observed that the bulk modulus of biodiesel is 11% higher than 
regular diesel and this advances the actual instant of fuel injection, which also explains 
the earlier fuel ignition observed in these experiments.  Numerical results showed that 
soybean biodiesel had slightly longer ignition delay than no. 2 diesel (Yuan et al., 2005).  
Fang (2007) also reported lengthier ignition delay with soybean biodiesel.  The author 
attributed this observation to the higher boiling point of biodiesel. 
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The majority of research efforts on biodiesel have been on emissions.  In a study 
conducted by the EPA (2002), it was reported that biodiesel reduced particulates and 
carbon monoxide by about 50% and unburnt hydrocarbon was lowered by 67%.  However, 
the same study showed that NOx from biodiesel was up to 10% higher.  Although much 
effort has been invested in examining the effect of biodiesel on NOx emissions, the 
outcomes have been inconclusive so far.  Many studies reported increased NOx with 
biodiesel (Canacki, 2007; Graboski et al., 1996; Hansen et al., 2006; Monyem and Van 
Gerpen, 2001).  The increased NOx emission was attributed to several factors.  First of all, 
the extra oxygen atoms in biodiesel enhanced the combustion process, which lead to lower 
particulate (soot) emission.  Notice that soot, which was a cluster of carbon atoms, was an 
excellent thermal radiator.  The flame temperature, without the thermal radiative heat 
transfer from soot particles, was therefore higher with biodiesel (Graboski and McCormick, 
1998).  The authors concluded that thermal radiation from soot particles significantly 
lowered the combustion temperature, even the heat release from biodiesel was lower than 
that from regular diesel.  The cylinder temperature remained higher following biodiesel 
combustion due to lack of soot particles.  High temperature promoted the formation of 
NOx, as shown in the Zel‟dovich mechanism (Heywood, 1988).  A second factor affecting 
the formation of NOx was the combustion chemistry in the diffusion flame.  Graboski and 
McCormick (1998) noted a 30% increment in prompt NOx while there are no effects on 
thermal NOx.  Another reason for higher NOx was the strength of premixed combustion.  
Musculus (2004) observed that NOx emission was directly proportional to the amount of 
the premixed fuel that undergoes combustion.  The burnt fraction of biodiesel was expected 
to be lower since biodiesel has higher cetane number and shorter ignition delay implying 
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that less fuel is vaporized by the instant of ignition.  Also, notice that biodiesel was more 
viscous, with higher surface tension and it was non-volatile.  These implied that it took 
longer for biodiesel to evaporate, compared to conventional diesel derived from petroleum. 
Despite the aforementioned efforts in understanding the mechanisms governing 
NOx emissions with biodiesel, the process is still not very well understood.  Many studies 
showed that the emission was related not only to the physical/chemical properties of the 
fuel, but also related to the engine configuration and operation parameters.  McCormick 
et al. (2001) reported that lowered NOx emissions over some biodiesel fuels, while other 
showing higher NOx emissions.  The authors concluded in the study that NOx emission 
was governed by mechanisms other than thermal or Zel‟dovich mechanisms in NOx 
formation, by the fact that the increase of NOx emission observed in the study could not 
be explained by the traditional NOx-soot tradeoff.  The raw agricultural material for 
making biodiesel also impacted the emission.  Soybean biodiesel seemed to have the 
strongest impact of NOx emission while yellow-grease biodiesel or animal-fat based 
biodiesels had the least impact (EPA, 2002; Tat and Van Gerpen, 2003).  Grimaldi et al. 
(2002) reported that NOx emission was related to engine load: significant increase of 
pollutant at high-load operations, and negligible effects on the pollutant at low load 
conditions.  The authors attributed the observation to the faster combustion rate of 
biodiesel because of the lower enthalpy of evaporation.   
As biodiesel was said to increase NOx emission, efforts have been made to 
investigate the possibility of reducing NOx and soot emissions with multiple injections 
and/or varying spray angle.  Choi and Reitz (1999) reported biodiesel blends produced 
less NOx emission using a dual-injection scheme at high load with late injection time, 
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while NOx could be reduced slightly at low load.  The authors concluded the difference 
between high-load and low-load operations was due to different modes of combustion 
that prevailed in each case.  Zhang and Boehman (2007) reported a 35% reduction of 
NOx, using a dual-injection scheme, was observed for low-load operation.  However, 
higher NOx was noticed under high-load engine operation.  Also noted in the study was 
the tradeoff between reduced emissions and fuel economy.  Multiple injections in general 
increased the fuel consumption rate, which was highly undesirable in many situations.  
Choi et al. (1997) examined the effect of multiple injections in a heavy duty engine at 
both high load and low load conditions.  A mixed result was registered: for high-load 
operations, the level of NOx emission depended on the fuel, higher emission for 20% 
blend and slightly improvement for the 40% blend.  For low-load operations, while 
biodiesel reduced NOx emissions, higher soot emission was observed.  Leung et al. 
(2006) showed that the combustion efficiency can be improved by deferring injection and 
promoting rapid diffusion combustion.  This could lead to simultaneous reduction of both 
NOx and soot.  A recent study (Fang, 2007) noted that NOx could be lower for biodiesel 
with certain injection schemes.  Emission behaviors were augmented by changing the 
fuel injection scheme, and this altered the premixed burnt combustion fraction. 
 
1.2.2 Effects of Spray Angle  
The conventional injector has a limitation regarding the multiple-injection 
schemes since it limits the range of injection time.  The injector was optimized for 
injections at about top-dead-center.  Fuel cannot be injected during the very early 
stage of the cycle or a film will be formed on the engine wall liner.  A narrow angle 
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injector provides more flexibility in designing injection scheme.  Several researches 
employed and studied narrow angle fuel injections in engines.  Walter and Gatellier 
(2002, 2003, 2004) studied the operation of an engine using narrow angle spray 
injection.  With narrow angle fuel injection, fuel was injected towards the center of 
piston bowl and subsequently transported to its periphery, unlike conventional fuel 
injection.  Low engine out emissions, including NOx, soot, unburnt hydrocarbon and 
carbon monoxide, were reported in the studies.  Fang (2007, 2008) reported lower 
NOx emission with higher PM emission using a 70° spray angle.  Rich combustion 
near the piston bowl wall, due to film formation, reduced NOx emission but increased 
PM formation.  The author has pointed out that further research onto this topic is 
desired.   
Although narrow angle injection prevents film being formed on the engine 
wall liner, fuel deposition occurs within the piston bowl at high load operations.  
Changing the spray angle depends on the injection time overcomes this issue when 
employing narrow angle spray.  Sun et al. (2005) studied the HCCI operations in an 
engine using a variable geometry spray system.  The injection cone angle is adjusted 
during injection.  It was reported that varying spray cone angle spray reduced wall 
wetting.  The concept was implemented as a two-pulse spray, using a different 
injection angle for each of the two injections.  The authors reported reduced 
emissions, low fuel consumptions and high power density.  Another 
example/application of varying angle spray was the micro-variable circular-orifice 
(MVCO) injector that would extend the range of injection times (Cheng et al, 2009; 
Hou et al., 20009).  The injector had an adjustable spray that matches the in-cylinder 
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conditions and timings.  Combustion from very early injection was observed with 
MVCO injections but not with conventional injections.  This improves the fuel 
economy of the engine in terms of lower indicated specific fuel consumption.  Engine 
emissions with variable cone angle spray injections were comparable with emissions 
using conventional fuel injections.  Even better efficiency and emissions could be 
achieved by using biodiesel, due to the oxygen in the fuel improving the combustion 
process by creating extra unstable intermediate species during combustion.   
   
1.2.3 Multi-Component Droplet Evaporation: Discrete Component Models 
 Commercial fuels (gasoline or diesel) are mixtures of hundreds of chemically 
different hydrocarbons with vastly different boiling points that could range from 340 K to 
over 700 K.  Moreover, bio-fuels are usually blended with petroleum based fuels instead 
of as a replacement fuel.  As mentioned before, biodiesel, as a mono-alkyl ester, is 
chemically different from conventional diesel, which belongs to paraffin group, and is 
itself a multi-component mixture as well.    Law (1982) pointed out that liquid motion 
within the droplet, miscibility among the liquid components and relative volatilities of the 
components are the three controlling factors in the understanding of multi-component 
fuel behavior.   On one hand, the immensely different volatilities among the components 
imply significant different evaporation rates.  On the other hand, the liquid constituents 
can evaporate only if they reach the surface.  Notice that as more volatile species 
evaporate, less volatile constituents become dominating within the liquid phase.  As a 
result, the species mass fractions are non-uniformly distributed within the droplet.  This 
process is known as preferential evaporation.   
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Different approaches have been developed to describe the diffusion process 
within the liquid phase.  The simplest approach was the infinite diffusion model 
(Law, 1976; Law et al., 1977; Sirignano, 1978), assumed uniform composition 
distribution within the droplet, a well-known model is the d
2
-law.  This approach 
assumed the droplet reaching a steady state instantaneously and neglected the 
transient process inside the droplet.  It has been pointed out that an infinite diffusion 
process is extremely rarely observed (Ayoub and Reitz, 1995; Sirignano, 1978).  A 
second approach (Law, 1978) was to account for molecular diffusion but assume that 
convective mixing was negligible.  This approach could be adequate for a droplet in 
a stagnant environment.  Nevertheless, this approach underestimated the transport of 
mass and energy for droplets in convective environments, since vortex motion within 
the droplet was neglected.  For typical operating conditions for internal combustion 
engines, substantial internal circulation was possible due to high relative velocities 
between the droplet and ambient gases.  Models were developed to include the vortex 
motion within the droplet, either by analytical solutions (Abramzon and Sirignano, 
1989), or additional equations for vorticity and stream function (Kneer et al., 1993; 
Megaridis and Sirignano, 1990; Tong and Sirignano, 1982).  These models were 
computationally intensive, and thus, they were deemed impractical for typical engine 
applications.  Simplified vortex models (Jin and Borman, 1985; Abramzon and 
Sirignano, 1989; Renksizbulut and Bussmann, 1993) used an effective diffusivity 
and thermal conductivity to account for internal circulations had been proposed.  
This approach was practical for multi-dimensional simulations of engines, as 
thousands of droplets were needed to reasonably represent a typical fuel spray in an 
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engine.  Zeng and Lee (2001, 2002) presented a zero-dimensional preferential 
evaporation model with computational efficiency comparable to the infinite diffusion 
approach, with the finite diffusion effect represented by the difference between the 
surface and mean values.   
In most numerical simulations, the fuel is usually represented by a single 
component, for example, tetradecane (C14H30) is usually used to represent diesel fuel, 
and, isooctane (C8H18) is usually used for representing petrol.  A major deficiency 
with this approach is that the influence of fuel composition is not accounted for, and, 
only the average evaporation behavior can be obtained.  A possible solution to this is 
to use a set of fuel constituents to reproduce the distillation curve.  An accurate 
representation of the fuel is essential for acquiring insightful information out of a 
simulation.  Kuo (1986) pointed out that flame behavior and emission were related to 
fuel composition.  The volatility of fuel maintains a dominant position on spray 
penetration and ignition is controlled by the most volatile species in the mixture 
(Hallett and Ricard, 1992; Robert et al., 1998).  However, to represent each 
component in a commercial fuel, which consists of hundreds of components, using a 
discrete representation is impractical for typical spray simulations.  Not only every 
component requires a separate transport equation, the exact molar/mass fractions for 
each species are in generally unknown.  Runge et al. (1998) predicted the 
evaporation of JP-4 jet fuel using a 33-component model.  However, there were 
rooms of improvements in the predictions, showing the severe limitations of a 
discrete formulation to multi-component evaporation.   
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1.2.4 Continuous Thermodynamics Formulation for Multi-Component 
Droplet Evaporation  
 As an alternative, the continuous thermodynamics approach offers an effective 
solution.  The mixture is characterized by a probability distribution function with respect 
to some characterizing variable, for example, molecular weight or boiling point.  Only a 
few parameters are required to describe the mixture, in general, the mean and variance of 
the distribution function.  This approach was first developed in chemical engineering and 
has been applied in a variety of calculations.  This includes phase equilibrium 
calculations for petroleum mixtures (Angelos and Ewing, 1988; Gualtieri et al., 1982; 
Peng et al., 1987), vapor-liquid equilibrium, liquid-liquid equilibrium and distillation 
(Rätzsch and Kehlen, 1983; Tamim and Hallett, 1995), flash calculation (Cotterman et 
al., 1985; Cotterman and Prausnitz, 1985, 1990; Rätzsch et al., 1988) and the 
characterization of hydrocarbon mass fraction (Whitson, 1983).   
Tamim and Hallett (1995) first developed a model for analyzing the evaporation 
of isolated multi-component fuel droplet.  Due to the fine grid along droplet surface, the 
model could be applied in multi-dimensional engine simulations.  A simplified approach 
to Tamim and Hallett (1995) was derived for quasi-steady droplet evaporation (Hallett, 
2000).  The model predicted the distillation curve for commercial fuels well.  The model 
was extended for multiple probability distribution functions (Maru and Moss, 2003; Doué 
et al. 2004).  These studies showed that composition could have a dominant effect on 
droplet evaporation.  Since commercial fuels including groups of homogeneous chemical 
compounds with different chemical properties and distillation characteristics, these fuels 
could be correctly modeled with a single distribution function.  The authors also pointed 
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out that the well-mixed-mixture assumption, which was widely applied in evaporation 
models, might not be adequate for multi-component evaporation under certain conditions.  
Further evolvements included the derivation of the diffusion-limited model for liquid 
phase using continuous thermodynamics (Abdel-Qader and Hallett, 2005).  However, due 
to the dense computational grid used in the study, it was, again, impractical for multi-
dimensional engine applications, as thousands of droplets were generally required to 
reasonably resemble the fuel spray.  An application of the model for two distribution 
functions was demonstrated in this study.  Nevertheless, the liquid phase diffusivity was 
determined with an ad hoc manner, in order to satisfy the mass conservation.  The authors 
attributed the discrepancy in mass balance to the dilute assumption.  However, the vast 
majority of continuous thermodynamics models were derived for single distribution 
function.   
Another development of the continuous thermodynamics approach is its 
applications to droplet evaporation in high pressure ambiences, typical for engine 
operations (Burger et al., 2003; Stengele et al., 1999; Prommersberger et al., 2002; Zhu 
and Reitz, 2001).  A number of studies applied continuous thermodynamics in multi-
dimensional engine simulations (Lippert and Reitz, 1997; Lippert et al., 2000; Ra et al., 
2004; Wang, 2004; Yang and Reitz, 2009; Yi et al., 2001; Zhu et al., 2001).  The 
previously mentioned applications of continuous thermodynamics to engine applications 
assumed infinite diffusion within the liquid phase.  Zhang and Kong (2009) combined the 
liquid phase model by Hallett (2000) and vapor phase model, derived by Lippert and 
Reitz (1997), to study the evaporation and combustion of diesel and gasoline sprays.  
Good agreement was observed between experimental measurements and numerical 
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predictions in flame structures and soot distributions, which were not verified in previous 
studies.  Le Clerq and Bellan (2005) formulated a multi-component fuel model for 
evaporating droplets in a gas flow, fuel composition was represented by a bi-Gamma 
distribution function.  They concluded that multi-component fuel cannot be accurately 
represented by using a single surrogate fuel.  A correct representation of the fuel was 
essential to accurately predict the combustion and ignition processes.  Wang (2004) 
derived a continuous version of the model by Zeng and Lee (2001, 2002) that was 
capable of preferential vaporization, the model was as efficient as a zero-dimensional 
model yet accounting for the physical processes within the droplet.  Both high-pressure 
effects and boiling state evaporation were included in this model.   
There were also studies to generalize the continuous thermodynamics approach. 
Laurent et al.  (2009) presented a droplet evaporation model using the quadrature method 
of moments (QMoM) together with continuous thermodynamics formulation, instead of 
assuming an underlying probability distribution function.  Le Clerq et al. (2009) extended 
the method using a Fourier series approximation of the probability distribution function 
to improve the stability, generality and robustness of the method. 
With the contemporary global focus on biodiesel, a computationally effective multi-
component evaporation model using continuous thermodynamics approach for preferential 
vaporization has yet to be developed.  As mentioned, since biodiesel and diesel exhibit 
vastly different properties, a different distribution function must be used for each group for 
accurate description of the mixture.  Studies on bio-fuel and its blends using the continuous 
thermodynamics approach are very limited in the literature.  A numerical model (Hallett 
and Clark, 2006) was presented to predict the evaporation and pyrolysis of a single droplet 
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of pyrolysis oil derived from biomass, with the liquid mixture being represented by four 
components.  The model did not include possible interactions between the components nor 
accounting for non-uniformity in the liquid phase.  The evaporation of droplets composed 
of ethanol-no. 2 diesel mixture was examined in a recent study (Hallett and Beauchamp-
Kiss, 2010). It was concluded that Raoult‟s law might be adequate in prediction the 
evaporation rate for ethanol and no. 2 diesel fuels. 
 
1.2.5 Evaporation at High Pressure Ambience  
 The evaporation of fuel in high pressure ambient has been investigated extensively 
in the literature (Curtis et al., 1995; Fieberg et al. 2009; Ghassemi et al., 2006a, 2006b; 
Givler and Abrahan, 1996; Gradinger and Boulouchos, 1998; Hsieh et al., 1991; Lazar and 
Faeth, 1971), since fuel evaporates in high-pressure ambient in many engineering 
applications.  Ghassemi et al. (2006a, 2006b) reported the evaporation of droplets behaved 
differently at elevated ambient pressure.  The evaporation of a bi-component droplet occurs 
in three stages, which was unseen from a single-component droplet.  Most of the 
component with lower boiling point evaporated first, then, a non-evaporative heat-up 
process, followed by the evaporation of the less volatile component.  
Most studies in this aspect focused on single component fuels or using a two-
component representation for multi-component mixture evaporation.  The 
aforementioned methods are inappropriate for engine simulations as they were 
developed for small quantities of discrete components.  Curtis et al. (1995) showed 
that the transient processes in either the vapor phase or liquid phase affected the 
heating and evaporation behaviors of the droplet.  By assuming uniform distribution 
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within the liquid phase, Zhu and Reitz (2001) generalized the continuous 
thermodynamics model for droplets evaporating in high-pressure ambient. It was 
concluded that the heat-up process was lengthened at elevated pressures, confirming 
the conclusion in the study conducted by Curtis et al. (1995).  Moreover, most of 
these models were either one- or two-dimensional.  Typically, the droplet was 
resolved in the radial direction and the vapor phase was considered quasi-steady.  
This severely increased the computational cost for spray calculations, as thousands of 
droplets (or parcels) were needed for a reasonable representation of an engine spray, 
and multi-component effect added another layer of complexity.  Gogos et al. (2003) 
reported that increasing ambient pressure would enhance natural convection, thus, 
causing a rapid elevation of droplet surface temperature.  It was also concluded that 
the Grashof number remained constant at high ambient pressure due to droplet 
swelling because of gas absorption. 
Gas absorption can be significant for liquids under high ambient pressure.  
Previous study has shown that neglecting gas absorption would result in 
underestimation of droplet lifetime and/or failing in the liquid-vapor equilibrium 
predictions (Jia and Gogos, 1993). Surface tension also strongly affects the breakup 
and atomization behaviors.  It has been reported that correction for properties at high-
pressure would result in significantly different predictions of droplet lifetime (Kim 
and Sung, 2003).  However, evaporation of practical fuels under high-ambient 
pressure is still not fully understood. 
 There were attempts in modeling high-pressure evaporation of fuel droplets using 
zero-dimensional models, for applications in multi-dimensional engine simulations.  Zhu 
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and Aggarwal (2000) studied the effects of equations of state on droplet transient 
evaporation and concluded that the Peng-Robinson equation of state predicted the droplet 
evaporation accurately.  Aggarwal and Mongia (2002) developed a high-pressure 
evaporation model accounting for multi-component effect.  The study concluded that 
elevating ambient pressure lengthened the heat up process, but variation in ambient 
pressure did not visibly affect the droplet lifetime.  Tonini et al. (2009) presented a spray 
calculation using the high-pressure vaporization model by Aggarwal and Mongia (2002).  
The authors concluded that zero-dimensional models would provide enough accuracy in 
engine simulations, considering the uncertainties from droplet breakup and collision, 
vapor-phase turbulence and droplet-turbulence interactions in such calculations.  Wang and 
Lee (2002) proposed a model using the continuous thermodynamics formulation in order to 
account for high-pressure effects.  Gas solubility imposed significant effects on the droplet 
breakup as it altered surface tension.  Consequently, the predicted spray structure, fuel-
vapor distribution and engine performance were considerably different than droplet 
evaporating at atmospheric ambient. 
 
1.3 Overview of KIVA Method 
KIVA is the computational code used in this study, originally developed by the Los 
Alamos National Laboratory in 1985.  The code is capable of simulating three-dimensional 
transient evolutions of the fuel evaporation, spray interactions with ambient gases, mixing 
of fuel vapor and air, turbulence flow inside the combustion chamber, ignition, combustion 
and pollutant formations and heat transfer in engine operations.  The user can modify the 
source code to improve and expand the capability of the code.  KIVA uses the arbitrary 
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Lagrangian-Eulerian (ALE) finite volume method to solve the transient equations of a 
turbulent and chemically reactive mixture of fuel vapor (single component) and air.  The 
three-dimensional computational domain is represented by a collection of hexahedron cells.  
A physical model can be described using these cells, with each vertex on these cells being a 
function of time.  The velocity vectors are determined on the cell face of each cell during 
computation but they are stored on the vertex as well.  This eliminates the need of a node-
coupler.  The code marches forward in time by iterating upon the differential quantities of 
the variables with respect to time and the values from previous time until a converged 
solution.  KIVA employs a two-stage calculation scheme within each time-step, namely, 
the Lagrangian phase and the rezone phase.  During the Lagragian phase, the cell vertices 
move along with ambient flow with no convection across cell boundaries.  Upon the rezone 
phase, the vertices are moved to a new specified location in a static flow field, followed by 
rezoning the flow field onto the mesh.  Details about the computational code can be found 
in the manuals (Amsden, 1989, 1993, 1997, 1999). 
  
1.4 Scope of Research and Thesis Overview 
 Even though much work has been done to examine the operation of diesel engine 
with biodiesel, there remain works to be completed for wide spread usage of biodiesel.  
The objectives of this research include:  
1) To examine the effects of fuel on engine performance and emissions using a 
discrete multi-component approach.  In order to pursue these objectives, the ignition and 
combustion processes of biodiesel in a small bore HSDI diesel engine will be 
characterized with the aid of numerical simulations.  Specifically, the overall objective is 
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to examine the effect of different fuels on engine performance and emissions, to identify 
the causes of higher (or lower) NOx emissions under different operation conditions and to 
look at the differences between combustion of biodiesel and that of petroleum based 
diesel fuels.   
2) To study and analyze the effects of spray angle on flow patterns and pollutant 
formation using a discrete multi-component approach.  The effect(s) of different injection 
timing on emission formation and engine efficiency will also be analyzed.  Conventional 
fuel injection limits the range of injection time, should fuel be injected too early or too late 
in the cycle, a film will form on the engine wall (Fang, 2007, 2008).  The effect of spray 
angle will also be examined for biodiesel combustion to study the relations between spray 
angles, flow patterns within the cylinder and pollutants formation.  
3) To develop a new and computational effective droplet evaporation model using 
the continuous thermodynamics approach.  The proposed model will be capable of 
accommodating multiple probability distribution functions.  The proposed model accounts 
for preferential evaporation, finite diffusion within liquid phase and surface regression.  For 
mixtures composing of groups of chemically-different compounds such as diesel-biofuel 
blends, improvements in current model are required.  Most work on this topic in the 
literature assumes infinite diffusion in the liquid phase.  As mentioned before, with current 
interest of biodiesel technology, multiple distributions will be needed to accurately 
representing diesel-biofuel mixtures, as the two constituents in the mixture belong to 
different organic group.  Wang and Lee (2002) presented a droplet evaporation model that 
could be effectively applied in multi-dimensional engine simulations.  A new droplet 
evaporation model, using a similar approach developed by Wang and Lee (2002), that 
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accommodates multiple distribution functions while remains efficient for multi-
dimensional engine simulations will be developed.   
4) To demonstrate the applicability of the proposed model in engine applications.  
The proposed model will be incorporated into an engine simulation code, spray simulations 
will be conducted to demonstrate its applicability in multi-dimensional engine simulation. 
Chapter 2 presents an overview of KIVA, developed by Los Alamos National 
Laboratory, the three-dimensional simulation package used in this study.  The required 
modifications to the code for engine operations with bio-fuels are discussed.  Chapter 3 
presents studies of biodiesel operations in a high-speed direct injection diesel engine.  The 
spray dynamics, ignition, combustion, emissions and engine performance with biodiesel 
and its blends are studied.  Chapter 4 presents an application of variable cone angle spray.  
The effects of spray angle in engine performance are examined.  Chapter 5 develops a 
multi-component preferential evaporation model for droplets using a continuous 
thermodynamics formulation.  The finite diffusion effect is represented by the difference 
between the surface and volume-averaged values (Zeng and Lee, 2000, 2001, 2002).  The 
transport equations in continuous form and the mathematical models are derived and 
explained.  The proposed model is then verified and applications of the model are presented 
and discussed.  Chapter 6 summarizes the results and recommends directions for future 
research. 
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2. NUMERICAL METHODS FOR THE EVAPORATION, 
IGNITION AND COMBUSTION OF BIODIESEL AND ITS BLENDS 
 
 The operations of a high-speed, direct-injection optical engine with biodiesel will 
be simulated using a modified version of KIVA, a computer program developed by Los 
Alamos National Laboratory for engine simulations.  Modifications to the code were 
done to improve the compatibility of the code with optical engine operations.  Additional 
modifications were also implemented for biodiesel calculations.  This chapter overviews 
the general structure and modifications to the computer code used in the study. 
  
2.1 The Simulation Package, KIVA 
One of the objectives of this study is to analyze biodiesel combustion with the use 
of numerical model.  The computational package KIVA 3V release 2 (Amsden, 1999; 
Amsden et al., 1989), with appropriate modifications that are described in later sections, 
is used to predict different processes during an engine cycle.  The computational package 
is capable of conducting three-dimensional modeling of the evaporation, mixing, ignition, 
combustion and pollutants formation processes, each of which is handled by a separate 
sub-model within the program.  The most important advantage of KIVA over other 
simulation packages is that it is an open source package, meaning that the user can 
modify the source code to fit one‟s need.   
KIVA is set up to solve both the unsteady equations of turbulent motion and 
chemically reactive mixture of ideal gases.  The gas phase is solved using a Lagrangian-
Eulerian method, requiring a finite volume supplied by the user.  This could be done 
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using the associated mesh-generating program, K3PREP.  The mesh usually comprised of 
small hexahedrons, known as cells, which are identified by the vertices of each individual 
hexahedron.  The mesh used by KIVA can be adjusted to the specific shape of the 
combustion chamber under examination.  The governing equations that the KIVA solves 
can be found in Amsden et al. (1989).  The code maintains a fuel library listing the 
thermo-physical properties of thirty-seven fuels, listing the vapor pressure, density, 
enthalpy, latent heat of evaporation, surface tension and viscosity for each of the fuels.  
The KIVA code comprises two main sections: spray calculation and combustion 
calculations.  The spray calculation predicts and describes the spray process: droplet 
breakup, collision and evaporation.  The combustion portion predicts and describes the 
combustion process: ignition, combustion and emission.  The code, basically, solves the 
conservation of species, momentum and energy equations (Amsden et al., 1989): 
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where a is the parameter associated with the pressure gradient scaling method, A0 is a 
switch for turbulence model  (A0 equals unity for calculations with turbulence 
considerations), D is the diffusivity from Fick‟s Law, e is the specific internal energy, F 
is the rate of momentum gain per unit volume of spray, g 
→
 is the gravitational 
acceleration, kturb is the turbulence kinetic energy, P represents fluid pressure, u 
→
 is the 
fluid velocity vector, the subscripts comb and spray denote combustion process and fuel 
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spray, respectively, ε is the dissipation rate, ρ is the density, σ is the viscous stress  tensor.  
Further description of the code can be found in Amsden (1993, 1997, 1999). 
The code includes a library of fuel properties for thirty-seven kinds of fuels, 
including diesel
1
, gasoline
2
, natural gas, iso-octane (C8H18), tetradecane (C14H30).  The 
fuel library lists the heating value, molecular weight, critical properties, vapor pressure, 
density, enthalpy, latent heat of evaporation, surface tension and viscosity, which are 
needed in the calculations.  The KIVA code contains a collection of sub-models 
describing the piston motion, zoning of computational mesh, heat transfer, chemical 
kinetics and equilibrium, fuel injection, the breakup and collision of droplets, spray 
evaporations and the diffusion of mass, momentum and energy. 
 
2.2 Breakup and Collision of Spray Droplets 
 The KIVA code uses a variety of models to describe the spray, air-fuel mixing, 
ignition, combustion and emissions processes in an engine cycle.  The fuel 
injection/spray calculations can be sub-divided into several processes: the breakup 
(atomization) and collisions of droplets in the spray, droplet evaporation, drag 
determination, and the effects of turbulence on spray dynamics.  KIVA uses the Taylor 
Analogy Breakup (O‟Rourke and Amsden, 1987; Amsden et al., 1989) model to describe 
the breakup process, based upon the Taylor analogy between a distorting and oscillating 
droplet and a spring-mass system.  Surface tension force in the droplet is equivalent to the 
restoring force from the spring, while viscous forces in the droplet system are equivalent 
                                                 
1
 Diesel properties are defined by the University of Illinois model, developed by C. Vernavas; or the 
Cummins model, developed by T. L. McKinley (Amsden, 1993). 
2
 Published data on gasoline properties from various sources are used in the KIVA fuel library, except the 
enthalpy of n-octane (C8H18) is used as that for gasoline in the computer code (Amsden, 1993). 
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to the damping forces in the spring-mass system.  The aerodynamics force imposed on 
the droplet is equivalent to the external force being exerted on a spring-mass system.  The 
high relative motion between the droplet and ambient air causes instability on the droplet 
surface, thus, causing oscillation and deformation to the droplet.  This oscillation causes 
the surface of the droplet to break and forming a collection of smaller droplets.  The 
collision of droplets is determined using the model developed by O‟Rouke (1981), which 
describes the probability of breakup using a Poisson distribution.  Details regarding the 
droplet models can be found in KIVA II manual (Amsden et al., 1989). 
 
2.3 Combustion Model: Shell Ignition Model 
 KIVA uses a single step global reaction approach in describing the combustion 
process.  The combustion model in KIVA considers complete reactions of hydrocarbons 
using the following chemical reactions: 
 CxH2y + 





x + 
y
 2 
 O2 → x CO2 + y H2O ,  (2.2a) 
 CxH2yOz + 





x + 
y
 2 
 − 
z
 2
 O2 → x CO2 + y H2O .  (2.2b) 
The kinetic reaction rate is given by the empirical expression, shown in equation (2.3), 
  R˙ = ξ [ ]Fuel A[ ]O2
B
 exp 





eAct
RI T
  ,  (2.3) 
where the constants ξ is the pre-exponential coefficient, A and B are the concentration 
exponents and eAct is the activation energy.   
The oxygen depletion rate must be corrected due to the presence of oxygen in 
biofuels molecules. The chemical structure in the model is changed to CxH2yOz for 
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biodiesel and the oxygen depletion rate, p, is corrected, to account for the extra oxygen in 
the fuel molecule, as 
 p = 
x ( )2 − λ  + y − z
2y
  ,  (2.4) 
where λ relates the ratio of carbon dioxide to carbon monoxide in the final products as 
1 − λ
λ
, which is assumed to be 0.67.    
The Shell model, a general multi-step kinetics model, is inserted into KIVA, 
simulating the initiation, propagation, branching and termination processes during ignition 
and combustion, developed by Halstead et al. (1977).  The model is originally developed 
for knock prediction in spark ignition engines.  However, it has been successfully applied 
for low-temperature auto-ignition process in diesel engine (Ricart et al., 1997).  The eight 
chemical reactions involved in the mechanism are shown in equation (2.4), 
 RH + O2  
Kq
  2 R
*
 ,  (2.5a) 
 R
*
 
Kp
 R
*
 + P + Heat ,  (2.5b) 
 R
*
 
f1Kp
 R
*
 + B ,  (2.5c) 
 R
*
 
f4Kp
 R
*
 + Q ,  (2.5d) 
 R
*
 + Q 
f2Kp
 R
*
 + B ,  (2.5e) 
 B  
Kb
 2 R
*
 ,  (2.5f) 
 R
*
  
f3Kb
 Termination,  (2.5g) 
 2 R
*
  
Kt
 Termination,  (2.5h) 
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where the species RH in the above equations represent any fuels in the form of CxH2y and R
*
 
is the derived radical.  The species P represents the products including carbon monoxide, 
carbon dioxide and water.  Species B is a branching agent and Q is the labile intermediate 
species.  The rate constants Kb, Kp, Kq and Kt are in Arrhenius form and the rate terms, fi, are 
expressed in terms of local fuel and oxygen concentrations.  The optimized values for 
tetradecane, C14H30, widely used in modeling diesel combustion (Hamosfakidis and Reitz, 
2003), are applied in biodiesel simulations except the kinetic constant Af4 is changed from 
3.7×10
5
 for tetradecane to 2.40×10
6 
for biodiesel (Yuan, 2005).    
 As biodiesel and diesel has similar ignition characteristics, the Shell model can be 
used for biodiesel simulations with appropriate modifications describe in the following 
(Tat and Van Gerpen, 2003; Yuan, 2005).   Following the suggestions by Yuan (2005), 
The heat release per cycle must be corrected to account for the different chemical 
structures and heating values between biodiesel and diesel as follows, 
 
qd
qb
 = 





HVb
HVd
 





MWb
MWd
 





n
H
b
n
H
d
 ,  (2.6) 
where q is the heat release per cycle, HV is the heating value, MW represents the 
molecular mass in g/mol and n
H
 is the number of hydrogen atoms per molecule of the 
fuel, subscript b represents biodiesel and d represents diesel fuel.  Another correction is 
assigning molecular masses to the intermediate species to satisfy the conservation of 
mass per suggestion by Schaperton and Lee (1985).   
 
2.4 Multi-Component Model of Evaporation 
A multi-component model, developed by Chin (2001) and Zeng and Lee (2000), 
is inserted into the KIVA-3V Release 2 program, allowing computations with 
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biodiesel/diesel fuel blends.  Multi-component consideration is essential in this case due 
to the differences in properties between the fuel components.  Lighter components in the 
mixture evaporate faster in a droplet composed of a biodiesel-diesel mixture.  Therefore, 
an evaporating multi-component droplet becomes more non-volatile.  The phenomenon is 
also known as preferential evaporation, components no longer distributed uniformly 
within the droplets during the vaporization process.  Thermodynamic properties for the 
mixture are taken as the mass-averaged value of the individual components.  Transport 
properties, namely, thermal conductivity and viscosity are determined using  
 β = 
i
 
βi xi

i
 xi βij
 ,  (2.6a) 
where β is either viscosity or thermal conductivity and βij is determined by 
 β = 






1 + 





βi
 βj
0.5
 





MWi
MWj
0.25
 
2






8 






1 + 
MWi
MWj
0.5   .  (2.6b) 
This approach allows simulation of biodiesel/diesel blends be done without creating a 
properties table for each blend.   
 
2.5 The Extended Zel’dovich Model for NOx Emissions 
The extended Zel‟dovich mechanism3 (Bowman, C. T., 1975; Heywood, 1988; 
Lavoie, G. A. et al., 1970) is used to model the formation of NOx, which describes the 
process as: 
 Ν + Ο2 ↔ ΝΟ + Ο .  (2.7a) 
                                                 
3
 The original Zel‟dovich mechanism involves only the reactions shown in equations (2.7a) and (2.7b).  
Lavoie et al. (1970) added the last reaction, shown in equation (2.7c). 
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 Ο + Ν2 ↔ ΝΟ + Ν ,  (2.7b) 
 Ν + ΟΗ ↔ ΝΟ + Η ,  (2.7c) 
By combining the forward and backward reaction rates, the transient variation of the 
concentration of NOx can be calculated.  Applying the steady state assumption on the 
radical species of atomic nitrogen, the time rate of change of concentration of NOx is give 
as, 
 
d
dt
 [NO] = 2 k
F
1 [O][N2] 
Θ1
 Θ2
  ,  (2.8a) 
where Θ1 = 1 − 
[NO]
2
k[O2][N2]
  ,  (2.8b) 
 Θ2 = 1 + 
k
B
1[NO]
k
F
2[O2] + k
F
3[N2]
  ,  (2.8c) 
and κ = 
k
F
1
k
B
1
 
k
F
2
k
B
2
  .  (2.8d) 
In equation (2.8), k
F
n represents the forward reaction rate, and similarly, k
B
n represents the 
backward reaction rate for reaction n.  Detailed discussions about the model can be found 
in Heywood (1988).  According to Heywood (1988), NO is the dominating species, 
therefore, no adjustments are made to account for NO2.  Throughout the study, the model 
is activated in all computational cells that contain the appropriate species for the 
mechanism.  
 
2.6 Soot Formation and Oxidation 
The empirical Hiroyasu model (Hiroyasu and Nishida, 1989) is used to describe 
soot formation.  The formation rate of soot is given by equation (2.9), 
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dmst‚ form
dt  
= Af P
0.5
exp 






−
eAct
RI T
 · mfuel‚ vap ,  (2.9) 
where mst, form is the mass of soot formation, Af is the Arrhenius pre-exponent coefficient.  
Equation (2.9) states that the mass of soot formed is proportional to the mass of fuel 
vapor. 
 The oxidation of soot is determined by the Nagle and Strickland-Constable model 
(1962), which describes the mechanism of soot oxidation.  It is assumed that there are 
two kinds of sites on the carbon surface, a highly reactive type A, and a less reactive type 
B.  It is also assumed that a thermal shift if possible such that a highly reactive site can 
become a less reactive one,  
 A + O2  
kA
  Surface Oxides,  (2.10a) 
 Surface Oxides  
kA/kZ
  A + 2 CO,  (2.10b) 
 B + O2  
kB
  B + 2CO ,  (2.10b) 
 A  
kT
 B .  (2.10c) 
The rate equations for the three reactions can be combined as an overall reaction rate, 
given by equation (2.11), 
 ktot = 





kA PO2
  1 + kZ PO2  
 x + kB PO2 ( )1 − x  ,  (2.11a) 
where ktot is the total surface reaction rate, PO2 is the partial pressure of oxygen and x is 
the proportion of highly reactive site A given by, 
 x = 1 + 
kT
  1 + kB PO2  
 .  (2.11b) 
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Detail derivations of equation (2.11) can be found in Nagle and Strickland-Constable 
(1962).  The depletion rate of soot cant then be determined as, 
 
dmst‚ oxi
dt  
= 
MWC
 2 ρst Rst 
 mst ktot ,  (2.12) 
where mst, oxi is the mass of soot oxidized, MWC is the molar mass of carbon, ρst is the 
density of soot (2 g/cm
3
), Rst is the radius of soot particle (0.015 μm). 
 
2.7 Crevice Flow Model 
The crevice flow in the optical engine is described by the crevice flow model 
and dynamic ring pack model, developed by Namazian and Heywood (1981, 1982), 
and the circumferential flow model by Zhao and Lee (2006).  Although 
circumferential flow is usually neglected as the oil fill on cylinder wall acts as a seal 
on the side and the peripheral ring sealing surface, preventing leakage of fuel.  
However, optical engines are in general operated without engine oil, as oil film 
obstructs the optical accessibility of an optical engine.  As a consequence, the 
circumferential mass flow must be accounted for accurate modeling of the optical 
engine.  The mass flow is calculated from the continuity equation in the crevice flow 
model and the pressure gradient across the rings.  The pressure at the top of the gap 
between the piston and the wall liner is assumed to be equal to the pressure in the 
combustion chamber and the pressure below the piston ring equals to atmospheric 
pressure.  The mass flow rate, m˙, across the gap is then determined by, 
 
m˙
A
 = 
w
2
24 μg l IRg Tg
 ( )P 
2
up − P  
2
dwn ,  (2.13a) 
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where A is the cross sectional area for the flow channel, w and l are the width and the 
length, respectively, of the gap, Pup and Pdwn are the upstream and downstream 
pressures, respectively, Tg is the average gas temperature and σg is gas viscosity given 
by, 
  σg = 3.3 × 10
−7
 Tg  (2.13b) 
Detailed explanation of the model can be found in Zhao and Lee (2006). 
 
2.8 Thermodynamic Properties of Biodiesel  
 In order to employ KIVA, biodiesel properties must be determined and included 
in the fuel library for simulations.  Equations for vapor pressure, surface tension, enthalpy 
of vaporization, liquid density, critical properties, and liquid viscosity can be found in 
Yuan et al. (2003, 2005).  Biodiesel properties depend upon the fatty acid composition in 
the fuel Thermal conductivity for biodiesel is determined using the mixture rule devised 
by Sastri (Poling et al., 2001), 
 kiiq = kboil a
m
 ,  (2.14a) 
where the constant a equals 0.856 for alcohols and 0.16 for other liquids, kliq is the 
thermal conductivity, kboil is thermal conductivity at normal boiling point calculated from 
group contributions defined by Sastri (Poling et al., 2001), and the exponent m is given 
by,
 
 m = 1 − 
1 − Tr
1 − Tr‚ boil
 ,  (2.14b) 
where Tr is the reduced temperature, and, Tr, boil is the reduced boiling point.  The boiling 
point of methyl ester is correlated to the number of carbon atoms using the method 
derived by McCormick et al. (2001) with further corrections for unsaturated esters (Yuan 
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et al., 2005).  Lydersen‟s method (Poling et al., 2001), with the Joback modification used 
to predict the critical temperature of methyl ester as, 
 Tcrit = Tboil [ ]0.584 + 0.965  ΔT − ( )  ΔT 2 ,  (2.15) 
where Tcrit is the critical temperature, and ΔT is determined by summing the group 
contributions using the approach of Joback (Poling et al., 2001).  Thermal conductivity of 
the liquid mixture is then evaluated using the Li method (Poling et al., 2001) as, 
 kmix =
i=1
n
  
j=1
n
  δi δj kij, (2.16a) 
where kij is given by  
 kij = 
2
1/ki + 1/kj
 , (2.16b) 
and δi is given by  
 δi = 
xi Vi

j=1
n
 xj Vj
 , (2.16c) 
where xi is the mole fraction and Vi is the molar volume of component i.  Since biodiesel 
is non-aqueous, the critical molar volume (Vcrit) is determined evaluated using Lydersen‟s 
method with Joback modification (Poling et al., 2001), 
 Vcrit = 17.5 +  Δv . (2.17) 
The calculated enthalpy, heat of vaporization, vapor pressure, liquid viscosity, surface 
tension, thermal conductivity, critical temperature, heat of formation, liquid density and 
the binary diffusion coefficient for fuel-air pairs at various temperatures for each of the 
fuels are inserted into the fuel library in KIVA, thus, allowing biodiesel simulation using 
the code.  These data are generated by the software BDProp, developed by Yuan (2005). 
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3. COMBUSTION OF BIODIESEL AND ITS BLENDS IN A HIGH-
SPEED DIRECT INJECTION COMPRESSION IGNITION ENGINE 
 
 Simultaneous reduction of NOx and soot in diesel is possible with low 
temperature combustion, which is characterized by rapid heat release.  The premixed air-
fuel mixture eliminates the local rich region, which effectively reduce soot formation.  
The overall lower combustion temperature prohibits NOx formation.   Multiple injections 
can also be used to reduce engine emissions.  It has been shown that emission level 
depends on the time interval between injections (Tow et al., 1994).  This chapter analyzes 
the effects of multiple injections and low temperature combustion of soybean biodiesel 
and its blends in a small-bore high-speed direct-injection diesel engine. 
 
3.1 Computational Results for Multiple Injections of Biodiesel and Its Blends  
3.1.1 The DIATA Engine 
The operation of the DIATA (direct injection alumnium through-bolt assembly) 
engine, built by Ford Motor Company, was simulated using the KIVA-3V Release 2 
program, with the modifications specified in Chapter 2.  The design and experimental 
specifications can be found in Mathews et al. (2002) and Fang et al. (2005).  Engine 
configuration is tabulated in Table 3.1.  A 60° axisymmetric mesh was used in the study 
for effective computation while maintaining three-dimensional fluid dynamics.   
Four dual injection schemes were considered for operation with an IMEP of 400 
kPa.  The injection pressure is 80 MPa for all cases presented here.  Four blends of 
soybean biodiesel and European low-sulphur diesel were considered in this study: pure 
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diesel, pure biodiesel, 20% biodiesel (B20) by volume and 50% biodiesel (B50) by 
volume.  Simulations were done for the specified injection schemes using the modified 
KIVA-3V Release 2 code for all fuels.  The chemical structure for soybean biodiesel was 
taken as C19H35O2 (Yuan, 2005).  Tetradecane, C14H30, was used to represent European 
low-sulphur diesel in simulation.  Table 3.2 tabulates the operating conditions considered 
in this study.  
 
Table 3.1  Specifications of the DIATA research engine. 
Bore / Stroke 7.0 cm / 7.8 cm 
Connecting Rod Length 13.26 cm 
Displacement Volume 300 cm
3 
Compression Ratio 19.5:1 
Engine Speed 1500 rpm 
Injection Pressure 600 to 1000 bar 
Equivalence Ratio 0.25 to 0.45 
Swirl Ratio 2.5 
 
 
Table 3.2 Test Conditions considered in this study. Injection duration is 5° for initial 
injection and 9° for main injection. Volume of fuel injected during initial injection  
is 1.5 mm
3
 for all cases. 
Test Condition I II III IV 
Injection Time [°CA]
(i) 320°  
360° 
330° 
360° 
340°  
360° 
330°  
370° 
Diesel Quantity [mm
3
] 8.35 7.77 8.13 8.36 
B20 Fuel Quantity [mm
3
] 8.61 8.39 8.39 8.34 
B50 Fuel Quantity [mm
3
] 8.74 8.59 8.47 8.19 
Biodiesel Quantity [mm
3
] 9.88 8.54 8.93 9.37 
Engine Output 400 kPa IMEP 
Injection Pressure 80 MPa 
Note
  
(i)
 Top-dead-center corresponds to 360º crank angle. 
 38 
3.1.2 Spray Penetration, Ignition and Combustion of Biodiesel and Blends 
Figure 3.1 shows the spray penetration at 5° after main injection for Test Condition 
IV (injections at 330° and 370°) in Table 3.  KIVA predicted spray dynamics and liquid jet 
penetration well for all fuels considered.  The figure showed that the penetration length 
increases with increasing biodiesel content.  Due to the low volatility of biodiesel, blends of 
fuel with more biodiesel would exhibit slower evaporation.  Thus, explaining the stronger 
penetration observed in Figure 3.1 
The pressure and heat release rate variations are shown in Figures 3.2 and 3.3,  
respectively, for the four fuel blends listed in Table 3.2.  Both experimental measurements 
and KIVA predictions were shown in the figures.  As seen from Figure 3.2, KIVA accurately 
predicted the transient response, for both pressure and heat release rate
4
 for all the four fuel 
blends, in all the cases considered in this study.  The main combustion characteristics, 
including peak combustion pressure, peak heat release rate, and ignition time, all agreed well 
with experimental data.  The pressure rise due to initial injections was greatest with injections 
were closest to top-dead-centre.  Maximum top-dead-centre (360°) pressure was observed 
with initial injection at 340° for all the four fuels.  Biodiesel seemed to lower the maximum 
combustion pressure.  The maximum combustion pressure for TDC main injection was about 
6800 kPa for pure diesel; 6600 kPa for B20 and about 6800 kPa for both B50 and pure 
biodiesel.  The corresponding values with 370° main injection were 4000 kPa, 4200 kPa, 
4500 kPa and 4200 kPa for pure diesel, B20, B50 and pure biodiesel, respectively.   
Regarding the main combustion phase that occurred after top-dead-center, for pure 
diesel and pure biodiesel, test Condition III (initial injection at 340°) ignited first, followed by 
Test Condition II (initial injection at 320°), then Test Condition I (initial injection  
                                                 
4
 The experimental measured heat release rate was determined from the measured pressure trace. 
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 (a) (b) 
   
 (c) (d) 
 
Figure 3.1 Spray penetration at 5° after main injection for Test Condition IV for (a) 
European low sulphur diesel; (b) 20% soybean biodiesel; (c) 50% soybean biodiesel and 
(d) pure soybean biodiesel, both experimental measurement (left) and KIVA predictions 
(right) are shown.  
 
 
Figure 3.2a Pressure variations for 400 kPa operations of the DIATA engine, using 
European low sulphur diesel.  
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Figure 3.2b Pressure variations for 400 kPa operations of the DIATA engine, using 
B20 biodiesel blend.  
 
 
 
 
Figure 3.2c Pressure variations for 400 kPa operations of the DIATA engine, using 
B50 biodiesel blend.  
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Figure 3.2d Pressure variations for 400 kPa operations of the DIATA engine, using 
pure soybean biodiesel. 
 
 
at 300°), as seen in Figure 3.3.  For B20 fuel, Test Condition II (with injections at 330° 
and TDC) had the shortest ignition delay, Test Condition III (with injections at 340° and 
TDC) ignited slightly after Test Condition II, and Test Condition I (with injections at 
320° and TDC) had the longest ignition delay.  The same trend was observed for B50.  
Ignition for Test Condition IV (main injection deferred till 370°) occured at about 375° 
for B50 and 377° to 378° for the other fuels.  The main ignition for Test Conditions II 
and III began earlier when using B100 over B0, but Test Conditions I and IV showed the 
opposite trend.  Narrow peaks in the heat release rate indicated premixed combustion 
rather than diffusion combustion.  For example, Test Condition III showed diffusion 
combustion because of the long tail in the heat release curve, while Test Conditions I and 
IV more closely resembled premixed combustion due to the rapid heat release rate that 
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drops to zero at the end of combustion.  When biodiesel fuel had a later ignition than 
diesel, the heat release rates were sharper, indicating that the ignition delay allowed for 
more time for the fuel to mix prior to ignition.  A short ignition delay, as in Test 
Conditions II and III, resulted in diffusion combustion rather than premixed combustion.  
For both B20 and B50 fuels, Test Condition I (with injections at 320° and TDC) and Test 
Condition IV (with injections at 330° and 370°) could be regarded as premixed 
combustion as the combustion process was characterized by rapid heat release.  The heat 
release curve for Test Condition III resembled traditional diffusion combustion. 
For Test Condition I, the rise in pressure after the main injection at TDC was 
much sharper for biodiesel than for diesel fuel.  This indicated that the biodiesel fuel 
burnt faster than diesel in this case.  In fact, this trend of fast heat release for biodiesel 
was observed in all cases, as shown in Figure 3.3.   It can be seen from the figure that 
 
Figure 3.3a Heat release rate for 400 kPa operations of the DIATA engine, using 
European low sulphur diesel.  
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Figure 3.3b Heat release rate for 400 kPa operations of the DIATA engine, using B20 
biodiesel blend.  
 
 
 
Figure 3.3c Heat release rate for 400 kPa operations of the DIATA engine, using B50  
biodiesel blend.  
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Figure 3.3d Heat release rate for 400 kPa operations of the DIATA engine, using pure 
soybean biodiesel. 
 
 
pure biodiesel had a higher peak heat release rate for all injections.  It can also be seen 
that the peaks were narrower for B100 than for B0.  This indicated a faster rate of 
combustion for pure soybean biodiesel.  It was possible that the presence of oxygen 
within the fuel helped the combustion process and reduced the time required for the fuel 
to burn completely.  The start of combustion (SOC) and peak heat release rate (peak 
HRR) were listed in Table 3.3, where the start of combustion is defined as the instant 
when heat release rate equal to 5% of the peak heat release rate.  Comparing the heat 
release rates of B20 and B50, the peak heat release seemed to occur at a later instant for 
B20.  In addition, B50 did not necessarily have a faster burning rate, unlike the 
comparisons between pure diesel and pure biodiesel in previous study by Stringer (2008).  
For example, the duration of combustion was about the same for the two fuels in Test 
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Conditions I and II.  Indeed, the peak heat release rates also had the same order of 
magnitude (104 J/deg for B20 versus 108 J/deg for B50), as shown in Table 3.3.  It 
seemed from these results that diesel fuel had a dominating effect on the combustion 
characteristics in these blends.  However, for fuel blends, ignition before main 
combustion phase occurred at approximately the same instance for both B20 and B50, 
close to that of diesel.  The start of combustion for the blends resembled that for pure 
diesel, with the low temperature combustion case, where injections were scheduled at 
330° and 370°, be the sole exception: B50 ignited about 3° earlier.  Peak heat release rate 
for B50 tended to be higher than B20.  For cases with diffusion combustion, the peak heat 
release was almost 30% higher for B50; on the other hand, there were also cases where 
peak heat release rates for both fuels were about the same, like Test Condition IV.  This 
observation was consistent with previous findings by Hallett and Ricard (1992) that 
ignition was controlled by the most volatile species in the mixture.  Various studies 
(Graboski and McCormick, 1998; Tat and Van Gerpen, 2003; Yuan, 2005) showed that 
the latent heat of vaporization and viscosity.  Therefore, regular diesel would be the more 
volatile species in a diesel-biodiesel blend.  The ignition delay for main injection was 
about the same for all fuels.  Note that the combustion chamber was at elevated 
temperatures after the pilot injections, which was favorable for fuel evaporation and 
ignition.  Thus, the ignition delay became similar for all the fuels. 
The oxygen in biodiesel helps the overall combustion process by creating extra 
unstable intermediate species during combustion, thus, shorter ignition delay and faster 
combustion is observed in pure biodiesel (Stringer et al. 2008).  However, from the 
comparisons of results in Figures 3.2 and 3.3, the combustion process was not improved   
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Table 3.3  Peak heat release rates (Max. HRR) and the timing of start of combustion 
(SOC) for both 20% biodiesel and 50% biodiesel blends. 
Test Condition I II III IV 
Injection Time [°CA] 
320° 
360° 
330° 
360° 
340° 
360° 
330° 
370° 
In
it
ia
l 
In
je
ct
io
n
 
SOC [°CA] 
Diesel 
B20 
B50 
Biodiesel 
Nil 
345.0° 
344.7° 
346.3° 
347.1° 
350.0° 
350.0° 
349.3° 
349.6° 
345.0° 
344.7° 
346.3° 
347.1° 
Max. HRR  
[J/deg] 
Diesel 
B20 
B50 
Biodiesel 
6.82 
4.94 
6.74 
7.28 
25.96 
31.11 
28.21 
42.10 
6.82 
4.94 
6.74 
7.28 
M
ai
n
 I
n
je
ct
io
n
 
SOC [°CA] 
Diesel 
B20 
B50 
Biodiesel 
366.7° 
366.8° 
366.5° 
367.2° 
363.5° 
363.1° 
362.5° 
364.4° 
364.3° 
363.7° 
363.6° 
363.4° 
377.9° 
378.1° 
375.3° 
378.3° 
Max. HRR  
[J/deg] 
Diesel 
B20 
B50 
Biodiesel 
94.83 
105.17 
107.87 
113.60 
65.56 
41.35 
48.09 
80.22 
19.89 
17.08 
27.58 
34.05 
60.89 
55.28 
55.73 
95.30 
 
 
 
by the additional oxygen embedded in biodiesel.  This might be related to the intrinsic 
properties of diesel and biodiesel.  The latter had higher density, viscosity, boiling point 
and clouding point.  Previous studies concluded that biodiesel was less volatile and more 
difficult to vaporize (Graboski and McCormick, 1998), comparing to conventional diesel 
fuel.  Therefore, after fuel injection, the fuel vapor should become diesel rich while the 
droplets (liquid phase) become biodiesel rich.  As a result, the behavior of the ignition 
and combustion process was controlled by diesel fuel, and the effect of biodiesel on the 
combustion process was thus overshadowed.   
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3.1.3 NOx Emissions 
Emissions of NOx predicted by KIVA with the extended Zel‟dovich mechanism 
were plotted in Figure 3.4 together with experimental measurements.  The modified 
KIVA predicted the emissions trends well, when compared to experimental data.  Test 
Condition III had the highest emission level for both B20 and B50.  The emission of NOx 
emission was significantly reduced with main injection at 370° (Test Condition IV) for 
both B20 and B50.  The emission reduced by 50% over Test Condition III for both fuels.  
Heywood (1988) pointed out that the formation of NOx involves molecules, atomic 
nitrogen and oxygen and it was formed behind the flame front.  The reaction was very 
sensitive to the temperature of the burnt gas and the formation rate varied exponentially 
in combustion temperature.  Notice that a longer time interval between the injections 
reduced the formation of NOx.  Should the main injection be scheduled shortly after the 
 
Figure 3.4 Comparisons of experimental measured and KIVA predictions of NOx 
emission. 
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pilot injection, the fuel was injected directly into the high temperature region resulted 
from the first combustion (Tow et al., 1994).  As NOx formation was prompted at high 
temperature, a short delay between the two injections actually promoted its formations, 
thus worsening the emissions.  Note that a longer time interval between the injections 
reduced the formation of NOx.  In contrast, a longer time interval allowed the cylinder to 
cool down via heat transfer mechanisms before the main injection and ignition.  
Comparing the temperature distribution within the cylinder at 359° for Test Conditions I, 
II and III, shown in Figure 3.5, there were larger portion of the cylinder at temperature 
higher than 1250 K (green area) for Test Condition II.  There was even a „high-
temperature spot‟ in Test Condition III, where local temperature reached 2000 K or above.  
Thus, lengthening the time between combustions would lower the combustion 
temperature, which helped in reducing the amount of thermal NOx (Tow et al. 1994).   
It is also interesting to note, from Figure 3.4, that biodiesel improved NOx 
emission in some occasions.  This contradicted to the general beliefs that biodiesel 
increased NOx emission.  The formation of NOx was sensitive at high temperature 
(Heywood, 1988), the frozen temperature of the process was reported to be in the range 
of 2100 K to 2200 K.  The fraction of cylinder volume with high temperature (higher 
than 2200 K) is shown in Figure 3.6.  For the cases shown in Figure 3.6, a higher 
percentage of cylinder volume under high temperature was observed for B20 or pure 
diesel.  This corresponded to the higher nitrogen oxides predicted by KIVA in these 
cases.  It is important to note the intersection of the two curves in Figure 3.6, where it 
appears that the percentage of high temperature regions for the fuel with higher biodiesel 
composition were less than those with less biodiesel and that trend continue during the 
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Diesel Biodiesel 
 Injections at 320° and 360° 
     
 Injections at 330° and 360° 
     
 Injections at 340° and 360° 
      
Figure 3.5 Temperature distributions at 359° for Test Condition I (top), Test 
Condition II (middle) and Test Condition III (bottom).  The figure is obtained from pure 
biodiesel simulations, however, the general trend for other fuels are the same as depicted 
here. 
 
expansion process.  For the cases depicted in Figure 3.6, a greater portion of engine 
combustion chamber under temperature above 2200 K, regions where it was more likely to 
be NOx rich, following diesel or B20 combustion.  According to the Zel‟dovich 
mechanism, NOx formation was very sensitive at high temperature.  Therefore, it was more 
likely that NOx would be rich in these regions, where local temperature was above 2200 K, 
within the combustion chamber.  As a consequence of the greater volume of the high 
temperature region, the NOx emissions from the diesel and B20 case were predicted by 
KIVA to be less than those of B50 and biodiesel.   
From the temperature distribution plots for the cases with pre-injection at 330° in 
Figure 3.7 (Test Condition II: main injection at 360°) and Figure 3.8 (Test Condition IV:  
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Figure 3.6a Fraction of combustion chamber that remains at temperature of 2200 K or 
higher for soybean biodiesel and diesel with injections at 320° and 360°. 
 
 
 
 
Figure 3.6b Fraction of combustion chamber that remains at temperature of 2200 K or 
higher for soybean biodiesel and diesel with injections at 330° and 370°. 
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Figure 3.6c Fraction of combustion chamber that remains at temperature of 2200 K or 
higher for B20 and B50 biodiesel blends with injections at 340° and 360°. 
 
 
 
 
Figure 3.6d Fraction of combustion chamber that remains at temperature of 2200 K or 
higher for B20 and B50 biodiesel blends with injections at 330° and 370°. 
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main injection at 370°), it could be seen that biodiesel and B50 have longer ignition delay 
in the pilot injection.  Biodiesel was usually cited as being denser, more viscous and with 
higher surface tension (Graboski and McCormick, 1998).  Therefore, biodiesel was less 
volatile than regular diesel.  As a consequence, it was expected that blends with more 
biodiesel would endure a longer evaporation process and thus a longer ignition delay.  
However, similar ignition delay was observed for both B20 and B50 as seen from Figures 
3.7 and 3.8.  Note that the combustion chamber was at elevated temperatures after the 
pilot injections, which was favorable for fuel evaporation and ignition.  Thus, the ignition 
delay becomes similar for both B20 and B50 for main injections. 
 
 
 
Figure 3.7a Volume-averaged in-cylinder temperature for biodiesel and diesel with 
fuel injections at 330° and 360°. 
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Figure 3.7b Volume-averaged in-cylinder temperature for B20 and B50 blends with 
fuel injections at 330° and 360°. 
 
 
 
 
Figure 3.8a Volume-averaged in-cylinder temperature for biodiesel and diesel with 
fuel injections at 330° and 370°. 
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Figure 3.8b Volume-averaged in-cylinder temperature for B20 and B50 blends with 
fuel injections at 330° and 370°. 
 
It can be seen from Figures 3.6b and 3.6d that a larger portion of the cylinder was 
at higher temperature during the expansion stroke.  Figure 3.9 depicts the distribution of 
fuel vapor and temperature within the combustion chamber at 390° crank angle for the 
four blends of fuel.  It was observed from the figure that a film of fuel vapor existed 
along the piston bowl for biodiesel and its blends.  The film of fuel vapor combusted as 
the expansion process begins. Note that the concentration of fuel vapor was positively 
correlated with the amount of diesel fuel in the blends.  Due to film combustion along the 
piston bowl wall, the temperature within the piston bowl remained at elevated levels even 
the piston was moving away from top-dead center.  This explained the situation depicted 
in Figures 3.6b and 3.6d, where a larger portion of the cylinder was at higher temperature 
after 387° crank angle for blends with less biodiesel.  As a consequence, biodiesel helped 
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reducing NOx in these cases.  This showed that the evaporation of fuel exerted a strong 
effect on flow dynamics, combustion and pollutant formations.  A thorough 
understanding of the evaporation process would be desirable.   
 
Fuel Concentration 
    
Temperature 
    
 (a) (b) (c) (d) 
Figure 3.9 Distribution of fuel concentration (top row) and temperature (bottom row) 
at 390° crank angle for Test Condition IV (injections at 330° and 370°) shown for (a) 
pure soybean biodiesel; (b) 50% biodiesel blend; (c) 20% biodiesel blend and (d) pure 
diesel. 
 
3.1.4 Soot Emissions 
The modified KIVA code also predicted soot emissions from each of the scenarios 
studied and the results are tabulated in Table 3.4.  These predictions coincided with the 
general observations that low temperature combustion, corresponding to Test Condition IV 
with injections at 330° and 370°, improved soot emission.  Low-temperature combustion 
usually occurred when a partially- or well-mixed air/fuel mixture being auto-ignited by 
piston compression.  Soot formation was inhibited by promoting mixing prior to ignition, 
thus, eliminating locally rich regions.  Soot emissions were reduced by over 50% for pure 
diesel, B20 and B50 fuels, and, about 33% reductions for pure biodiesel in Test Condition 
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IV when compared to Test Conditions II and III.  Indeed, the emission levels for Test 
Condition IV were the lowest for the blended fuels.  Biodiesel was shown to reduce soot 
emission for all cases except Test Condition I, which had very low emission. 
Table 3.4  KIVA predictions of soot emissions. 
Test Condition I II III IV 
Injection Time [°CA] 
320° 
360° 
330° 
360° 
340° 
360° 
330° 
370° 
Predicted 
Soot Emission 
[ppm] 
Diesel 
B20 
B50 
Biodiesel 
32.3 
30.2 
36.1 
39.5 
104.9 
101.8 
60.9 
57.2 
93.9 
88.4 
79.6 
76.8 
47.4 
38.7 
38.5 
37.9 
 
 
 3.1.5 Effects of Fuel on NOx Emission 
 An additional set of simulations was completed to study the effect of fuel on NOx 
emission, accounting for the different energy contents among the blends of fuel.  The heating 
value of soybean biodiesel was about 10% lower than the heating value of diesel, as shown in 
Table 1.1.  This consisted Test Condition II and IV in Table 3.2, i.e. pre-injection at 330° and 
main injection at 360° or 370° crank angle.  The amount of fuel during initial injection was 
1.5 mm
3
 for diesel, and amount of other fuels were adjusted for equal quantity of energyas 
1.5 mm
3
of diesel.  Engine loading is still 400 kPa.  The pressure and heat release rate curves 
are shown in Figure 3.10.  Both top-dead-center pressure and peak combustion pressure were 
higher with the adjusted fuel injection scheme for the 20% and 50% biodiesel blends.  The 
difference between the two fuel injection schemes (constant fuel volume versus constant fuel 
energy) was more prominent for the 50% biodiesel blend.  On the other hand, for pure 
soybean biodiesel, the difference between the two injection schemes was minimal.  
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(a) 
 
 
(b) 
Figure 3.10a Predicted (a) cylinder pressure and (b) heat release rate for 20% biodiesel 
blend with 1.5 mm
3
 of fuel injected during initial injection and with adjusted fuel 
quantity during initial injection. 
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(a) 
 
 
(b) 
Figure 3.10b Predicted (a) cylinder pressure and (b) heat release rate for 50% biodiesel 
blend with 1.5 mm
3
 of fuel injected during initial injection and with adjusted fuel 
quantity during initial injection. 
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(a) 
 
 
(b) 
Figure 3.10c Predicted (a) cylinder pressure and (b) heat release rate for pure soybean 
biodiesel with 1.5 mm
3
 of fuel injected during initial injection and with adjusted fuel 
quantity during initial injection. 
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Since biodiesel was non-volatile, it was suspected that the evaporation process dominated 
the ignition and combustions processes.  Increasing fuel injection did not increase the 
amount of fuel vapor proportionally when the fuel ignites.  
The predicted NOx emissions for the current cases are tabulated in Table 3.5.  The 
emission of NOx increased for the blended fuels, which could be attributed to the slight 
temperature within the cylinder upon main injection due to the slightly increased pressure.  
However, the emission was reduced for pure biodiesel.  Due to the larger amount of fuel 
during initial injection, the cylinder temperature by the time of main combustion was lower 
as more heat was used in the evaporation of the fuel injection earlier in the engine cycle.  
As a result, initial combustion occurred at a cooler ambient in the constant fuel energy case 
than in the constant fuel volume case.  From Figure 3.10c, it was observed that the amount 
of heat release during initial combustion were about the same, it was thus expected that 
main combustion, when most of NOx formed during the whole cycle, occurred at a slightly 
cooler ambient, thus, the lowered emission level predicted. 
 
Table 3.5 KIVA predictions of NOx emissions. 
Injection Time [°CA] 
330° 
360° 
330° 
370° 
(Constant Fuel Volume) 
Predicted NOx Emission 
[ppm] 
B20 
B50 
Biodiesel 
199.9 
202.0 
199.9 
183.6 
123.1 
123.5 
(Constant Fuel Energy) 
Predicted NOx Emission 
[ppm] 
B20 
B50 
Biodiesel 
211.0 
220.6 
122.0 
198.1 
124.9 
84.2 
 
 Figure 3.11 depicted the fuel vapor distribution within the combustion chamber  
at 345° crank angle, immediately before ignition for fuel injection at 330° crank angle.  
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Note that there was more fuel vapor for the blended fuels for the constant fuel energy 
injection case, since more fuel must be injected to compensate for the lower heating value 
of biodiesel.  However, most of this addition to fuel vapor was due to evaporation of diesel, 
the amount of biodiesel vapor as approximately the same for both constant fuel energy 
injection and constant fuel volume injection.  On the other hand, for the case of pure 
biodiesel combustion, the amount of fuel vapor was the same for either injection scheme.  
This not only showed that biodiesel was much less volatile than diesel, it also showed that 
biodiesel exhibited a different evaporation behavior than diesel or biodiesel-blended fuels.  
These results were consistent with the trends of the pressure and heat release rate traces, 
observed in Figure 3.10.  The results showed that a thorough understanding of the 
evaporation of the fuel is essential in engine study, as the vaporization of the injected fuel 
may exert a dominating effect on ignition and combustion processes. 
 
 
20% Biodiesel Blend 
Constant Fuel Energy 
 
Constant Fuel Volume 
 
 Total Fuel Vapor = Diesel Vapor + Biodiesel Vapor 
Figure 3.11a In-cylinder component distributions for 20% biodiesel blend at 345° crank 
angle for fuel injections at 300° and 370° crank angles.  Red color indicates high 
concentration of fuel vapor.  
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50% Biodiesel Blend 
Constant Fuel Energy 
 
Constant Fuel Volume 
 
 Total Fuel Vapor = Diesel Vapor + Biodiesel Vapor 
Figure 3.11b In-cylinder component distributions for 50% biodiesel blend at 345° crank 
angle for fuel injections at 300° and 370° crank angles.  Red color indicates high 
concentration of fuel vapor.  
 
 
 
Pure Biodiesel 
Constant Fuel Energy 
 
Constant Fuel Volume 
 
Pure Biodiesel 
Figure 3.11c In-cylinder component distributions for pure soybean biodiesel at 345° 
crank angle for fuel injections at 300° and 370° crank angles.  Red color indicates high 
concentration of fuel vapor.  
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3.2 HCCI Combustion with Biodiesel 
 3.2.1 Combustion Characteristics 
The DIATA engine was tested at low load condition of 200 kPa IMEP output with 
either pure diesel fuel or pure soybean biodiesel.  The injection pressure was 60 MPa for 
all testing conditions.  Simulations were computed using the modified KIVA 3V Release 
2 code.  The chemical structure was taken as C19H35O2 for soybean biodiesel (Yuan, 
2005).  Table 3.6 shows the operating conditions being considered in this study.    
It should be noted from the experimental data shown in Table 3.6 that a larger 
amount of biodiesel must be used to achieve the same engine output.  An extra 11% by 
volume is needed to achieve 200 kPa IMEP output when fuel injection occurs before top-
dead-center  
at 335° crank angle.  For late injection after top-dead-center at 363° crank angle, about an 
extra 33% by volume of fuel was needed for the same engine load when compared to 
conventional diesel fuel.  Previous examination on biodiesel (Graboski and McCormick, 
1998) concluded that enegy content in biodiesel is less than that in diesel.  The lower 
heating value for soybean oil methyl ester biodiesel was reported as 37.04 MJ/kg 
(Graboski and McCormick, 1998), compared to 43 MJ/kg for petroleum-based diesel 
(Heywood, 1988).  Hence, it was reasonable that more biodiesel must be injected to 
obtain the same engine output as observed in Table 3.5. 
The temporal variation of pressure and the apparent heat release rate, calculated from 
pressure data, for the DIATA engine operating at 200 kPa IMEP output was shown in  
Figures 3.12 (for diesel) and 3.13 (for biodiesel).  Both KIVA predictions and experimental 
measurements are shown in the figures.  KIVA predicted the major combustion 
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characteristics accurately.  The peak heat release rate was also correctly determined for both 
biodiesel and diesel fuels.  The numerical code calculated the engine cycle with no knocking 
considerations.  The differences in the pressure trace before and after combustion was due to 
the blow-by effect in the optical engine.  Since engine oil obstructed the optical accessibility 
of the optical engine, the engine was operated with no engine oil.  As a consequence, piston 
blow-by can be substantial.  Wang et al. (2006) compared the pressure trace predictions both 
accounting for and neglecting the crevice flow and showed that the effect can be substantial 
for an optical engine.  Also observed was that the pressure rise during combustion was more 
gradual for diesel combustion.  Peak pressure for biodiesel was near 8000 kPa, about 2.5 % 
lower than the peak pressure for petroleum based diesel fuel.   
 
Table 3.6 Testing conditions for low-temperature combustion with biodiesel. 
Test Condition I II III 
Injection Time [°CA]
(i) 
335° 350° 363° 
Diesel Quantity [mm
3
] 8.5 5.0 4.5 
Biodiesel Quantity [mm
3
] 9.5 5.5 6.0 
Engine Output 200 kPa IMEP 
Injection Pressure [MPa] 60 MPa 
Note 
 
(i)
 Top-dead-center corresponds to 360º crank angle. 
 
 
As observed from the heat release curves in Figures 3.12 and 13, diesel fuel had a 
shorter ignition delay.  For early cycle fuel injection at 335° crank angle, combustion first 
occurred at 345° and ended at approximate 352° for diesel fuel.  For biodiesel, combustion 
spanned from 347° and 352°.  Peak heat release occurred at about 347° for diesel but at about 
350° for biodiesel.  However, biodiesel had a higher heat release rate; in other words, 
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Figure 3.12a Pressure variations for 200 kPa operations of the DIATA engine, using 
European low sulphur diesel. 
 
 
 
Figure 3.12b Heat release rate variations for 200 kPa operations of the DIATA engine, 
using European low sulphur diesel. 
 
 66 
 
Figure 3.13a Pressure variations for 200 kPa operations of the DIATA engine, using 
soybean biodiesel. 
 
 
 
Figure 3.13b Heat release rate variations for 200 kPa operations of the DIATA engine, 
using soybean biodiesel. 
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biodiesel burnt faster.  The maximum heat release rate for biodiesel was about 25 % higher 
than that of diesel.  Low temperature combustion was evident with the sharp, single-peaked 
heat release curve, an indication that the engine was running in HCCI mode.  For fuel 
injection at 350° crank angle, peak heat release rate occurred at 361° for biodiesel, 3° crank 
angle later than diesel fuel.  Combustion occurred from 355° to 361° for diesel fuel while it 
spanned from about 360° to 364° for biodiesel.  Peak heat release rate for soybean biodiesel 
was about twice as high as petroleum based diesel fuel.  Note that the ignition delay was 
shorter relative to the operation with injection at 335°.  Peak pressure was about 7000 kPa for 
biodiesel and 7300 kPa for conventional diesel fuel.  Also noted from the figures was that 
cylinder pressure stayed longer at about the maximum value for diesel combustion, while it 
dropped of almost immediately after reaching the peak in biodiesel combustion. 
For after top-dead-center injection at 363° crank angle, the pressure drop from the 
top-dead-center, the subsequent rise due to combustion and the ignition timing almost exactly 
duplicated the experimental data.  Maximum combustion pressure in this case was about 
4780 kPa and the peak heat release was observed at 372°.  The single, sharp peaked heat 
release rate curve indicated HCCI combustion.  For soybean biodiesel, KIVA accurately 
predicted both the top-dead-center pressure and peak combustion pressure.  For the biodiesel 
case, due to later ignition, the peak combustion pressure was lower than diesel fuel 
combustion at 8000 kPa.  However, ignition timing, as seen from the heat release result, was 
correctly determined.  Maximum heat release was observed at 380°.  The experimental data 
showed a long and gradually ceasing tail.  This suggested that there might be some liquid fuel 
remaining upon ignition.  Therefore, diffusion combustion might existed even though the 
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overall combustion process could still be described as HCCI as shown by the single peaked 
rapid heat release. 
 
3.2.2 NOx Emissions 
The extended Zel‟dovich mechanism was used for NOx formation prediction in 
KIVA.  The results were plotted against experimental data in Figure 3.14.  
Experimental data are tabulated in Table 3.7.  It can be concluded from the results 
that KIVA predicted the trend of NOx emission correctly.  In all cases, for both 
biodiesel and diesel fuels, the formation of NOx was characterized by a rapid 
production soon after auto-ignition.  Production of the species continued after the 
combustion process as noted by the single peaked heat release curve.  The formation 
of NOx froze after reaching the maximum and high temperature regions began to cool 
during the expansion process of the engine cycle.  The initial formation rate as higher 
for biodiesel combustion, noted by the steeper slope before the curves became flat 
lines.  This was true for all the three injection schemes and was consistent with 
previous conclusions that biodiesel burnt faster than petroleum based diesel.   
The results also showed that delaying the injection could significantly reduced 
NOx emissions.  The results showed that NOx emissions could be reduced by 67% and 
78% for biodiesel and diesel fuels, respectively, if injection was delayed from 335° to 
350°.  If injection was further delayed to 363°, the emission was reduced by over 90% 
for both types of fuels.  Delayed injection implied that combustion took place during 
a later part in the engine cycle when the cylinder entered the expansion process and 
started to cool.  The in-cylinder temperature and NOx distributions at 35° crank angles
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Figure 3.14a Formation of NOx for European low sulphur diesel combustion in the 
DIATA engine, with 200 kPa IMEP output. 
 
 
 
Figure 3.14b Formation of NOx for soybean biodiesel combustion in the DIATA 
engine, with 200 kPa IMEP output. 
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after fuel injection are shown in Figures 3.15 and 3.16, respectively.  From the 
figures, it is seen that regions of high concentration of NOx correspond to regions 
with high local temperature.  There was a hot spot in the cylinder bowl with diesel 
combustion that was not observed in the biodiesel combustion for early fuel injection 
at 335° that may contribute to the higher level of NOx observed in diesel fuel 
combustion.  The temperature remained higher in diesel combustion with fuel 
injection at 350°, as seen in the figures.   However, the temperature in the squish 
region remained higher for biodiesel when fuel is injected at 363°.  However, in all 
cases, the proportion of cooler (blue) regions at 35° crank angles after fuel injections 
increased with after top-dead-center fuel injection (at 363°). 
Heywood (1988) stated that the production of NOx involves molecules and 
atomic nitrogen and oxygen and the formation rate strongly depends on the burned 
gas temperature.  The pollutant is formed behind the flame front and increased 
formation rate is expected with higher flame temperature.  Lower combustion 
temperature, observed when injection was delayed, and cooler ambient temperature 
can inhibit the formation of NOx effectively, because its formation was very sensitive 
to the existence of a high temperature environment. 
Figure 3.17 shows the transient distributions of volume averaged in-cylinder 
temperature.  Comparing the figures, the peak in-cylinder temperature after ignition 
was lowered when injection was delayed.  This was true for both biodiesel and diesel 
fuels and was consistent with the observations that NOx emission was lowered with 
delayed injection.  Higher temperatures tended to follow after diesel combustion.  The 
cool down process following diesel combustion was also slower than bio-diesel 
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Diesel 
 
Biodiesel 
 
 Injection at 335° Injection at 350°  Injection at 363° 
 
Figure 3.15 In-cylinder temperature at 35° crank angles after fuel injection.  Blue 
shading represents low temperature and red shading represents high temperature. 
 
Diesel 
 
 
Biodiesel 
 
 Injection at 335° Injection at 350°  Injection at 363° 
 
Figure 3.16 In-cylinder NOx distribution at 35° crank angles after fuel injection.  Blue 
shading represents low concentration and red shading represents high concentration of 
NOx. 
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except when injection was delayed to 363°.  Temperature drop was essentially a 
parallel shift across the temporal axis for biodiesel.   
From Table 3.7, which shows both computational results and experimental 
measurements, more NOx was observed for biodiesel combustion if fuel was injection 
near top-dead-center.  With injection at 350°, biodiesel produced 37% more NOx then 
diesel fuel from experimental measurement as seen from Table 3.6.  KIVA also 
predicted a higher level of NOx for injection at 363°, although no such discernable 
difference was observed from the experimental data.  Biodiesel produced 
approximately 15% less NOx than diesel fuel when injection was scheduled at 335°, 
from both experimental data and modeling results.  Since the formation of the species 
depended on the availability of oxygen atoms or molecules, different mechanisms 
should be governing the production of NOx due to the distinctions in the chemical 
structures of biodiesel and diesel fuels. 
 
 
Table 3.7 Predicted and measured NOx emissions. 
 
 
 
Test Condition I II III 
Injection Time [°CA] 335° 350° 363° 
NOx Emission  
(Measured) [ppm] 
Diesel 
Biodiesel 
1269 
1103 
270 
372 
83 
96 
NOx Emission  
(Predicted) [ppm] 
Diesel 
Biodiesel 
1247 
1091 
345 
388 
81 
137 
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Figure 3.17a Volume-averaged in cylinder temperature with fuel injection at 335°. 
 
 
 
Figure 3.17b Volume-averaged in cylinder temperature with fuel injection at 350°. 
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Figure 3.17c Volume-averaged in cylinder temperature with fuel injection at 363°. 
 
3.2.3 Other Emissions: Soot and Unburnt Hydrocarbon  
Biofuels, in general, produce less soot than regular diesel fuel.  The extra oxygen 
in the fuel molecules helps creating unstable intermediate species such as hydroxyl (OH) 
that helps in combustion, which in turns assists the oxidation of soot.  Figure 3.18 shows 
the predicted soot emissions from HCCI operations of the DIATA engine.  It was noted 
that biodiesel reduced soot emission for all the cases.  The amount of pollutant in the 
exhaust increased with later injection timing.  With injection at 363° crank angle, soot 
emission from diesel was 40% higher than that of biodiesel.  The high level of soot 
emission could be attributed wall impingement that caused slow evaporation and locally 
rich combustion.  Soot emissions from diesel for fuel injection at 350° crank angle was 
again about 50% higher than the corresponding value for biodiesel.  Meanwhile, by 
advancing fuel injection from 363° crank angle to 350° crank angle, soot emission was 
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lowered by over 65% for both diesel and biodiesel.  Recalling Figures 3.12 and 3.13, the 
heat release rate for cases with fuel injection at 350° was much stronger than that for 
363°, which indicated that pre-mixed combustion was the dominate mode of combustion 
for the former case.  Pre-mixed combustion eliminated locally rich regions that are 
prompt to soot formation.  For early fuel injection at 335° crank angle, soot emission was 
almost zero for both diesel and biodiesel.  The single, sharp heat release rate curves in 
Figures 3.12 and 3.13 indicated strong pre-mixed combustion for these cases, there was 
very little diffusion combustion.  Diffusion combustion typically produced high level of 
soot emission.  As a consequence of early fuel injection, the liquid fuel could now 
evaporate completely and well-mix with air before ignition.  Thus, combustion took place 
across the combustion chamber upon ignition, which explained the lack of diffusion 
combustion. 
 
 
Figure 3.18 Predicted soot emissions for HCCI operation of the DIATA engine. 
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Figure 3.19 compares the unburnt hydrocarbon emission from diesel and 
biodiesel.  Just as soot emission, after top-dead-center fuel injection (at 363°) caused 
higher emission level, most likely because incomplete evaporation of fuel or insufficient 
mixes of fuel and air, which lead to locally rich patches, upon ignition.  Biodiesel lead to 
higher emission of unburnt hydrocarbon in all cases.  This was likely related to the higher 
fuel consumption of biodiesel.  As mentioned before, the energy content of biodiesel was 
about 10% lower than regular diesel.  Therefore, to maintain the engine output, the 
amount of fuel injected must be increased.  For both diesel and biodiesel, lowest emission 
was observed with fuel injection at 350° crank angle, which was consistent with general 
observation about unburnt hydrocarbon emission at low to medium load operation 
(Heywood, 1988). 
 
 
Figure 3.19 Predicted unburnt hydrocarbon emissions for HCCI operation of the 
DIATA engine. 
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4. AN APPLICATION OF VARIABLE CONE ANGLE SPRAY 
  
It was shown, in Chapter 3, using a multiple injection scheme could reduce NOx 
emission.  Lengthening the time interval between the two injections lowered NOx 
emission significantly as the main combustion phase occurred at a lower cylinder 
temperature.  Biodiesel improved the emission because of the weaker initial combustion, 
which created a lower temperature environment for the main combustion phase for 
biodiesel.  This effectively prohibited the formation of NOx, comparing to regular diesel.  
However, there was a limit of the advancement of injection time with the conventional 
injector.  If fuel injection occurred too early in the cycle, the injected fuel hit the engine 
wall liner.  These fuel would either not combust and contributes to higher engine-out 
emissions.  This chapter will first examine the effects of spray angle on the flow patterns 
within the combustion chamber and pollutants formation.  Then, the application of a 
variable cone angle spray will be demonstrated and discussed.  
 
4.1 The Effects of Spray Cone Angles on Diesel and Biodiesel Combustion 
4.1.1 Combustion Characteristics 
Multiple injection schemes allow greater flexibility control in injection timing and 
combustion process control.  However, the design of conventional injector limits the 
range of injection time.  Fuel injected at very early or very late stage of the cycle will 
form a film on the engine wall liner and part of it will either not burn or contribute to soot 
formation.  Recent development of narrow-angles, low penetration, and high dispersion 
injectors may alleviate some of the aforementioned problems with conventional injectors 
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(Helmantel and Denbratt, 2004; Kook and Bae, 2004; Lethner et al., 2005; Walter and 
Gatellier, 2002).  Simulations were carried out to analyze and compare the combustion 
and operating characteristics with different injection angles.   
The DIATA engine (see Table 3.2 for engine configuration) was operated with 
three different spray cone angles: 150°, 110° and 70°.  Table 4.1 shows the test conditions 
for this study. The 150° angle injection corresponded to injections using the conventional 
injector.  Fuel quantity was adjusted for 500 kPa IMEP engine output for all cases. Single 
fuel injection occurred at 362° for all the simulations.  For each of the injection angles, two 
injection pressures: 60 MPa and 100 MPa were tested.  Both European low sulphur diesel 
and soybean biodiesel were considered in this study.  An equivalent chemical structure of 
C19H35O2 was accepted for soybean biodiesel (Yuan, 2005).  Tetradecane, C14H30, was used 
to represent European low-sulphur diesel in the simulations.   
 
Table 4.1 Testing conditions considered in this study. Top-dead-center corresponds 
to 360º crank angle. 
Test Condition A B C 
Injection Angle 150° 110° 70° 
Injection Pressure 60 MPa, 100 MPa 
Injection Time 362° 
Fuel Quantity Adjusted for 500 kPa IMEP 
Fuel Soybean Biodiesel, Diesel 
 
Simulation results were used to analyze the spray and combustion processes with 
different injection angles and injection pressures.  Figure 4.1 compares KIVA predictions 
of spray penetration (left halves) with Mie-scattering images (right halves).  The figure 
showed good agreement between KIVA prediction and experimental measurement for all 
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the cases.  Stronger penetration was observed with lower injection pressure for all the 
injection angles.  The droplet radius reduced with higher injection pressure and thus 
improved the evaporation process.  The spray evaporated completely faster with higher 
injection pressure, and therefore, reducing the spray penetration.  As seen in Figure 4.1, 
most of the fuel entered the squish region when using the conventional injector (150°).  
However, a vast majority of the fuel was being injected towards the piston bowl with 70° 
injection cone angle.  Higher injection pressure reduced the jet penetration length as 
higher injection pressure enhanced evaporation of the fuel. 
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Figure 4.1 Comparison of spray penetration at 367° crank angle for diesel. 
 
Figure 4.2 shows the KIVA prediction of cylinder pressure and heat release rate 
and compares to experimental values for diesel. The predicted ignition time, peak heat 
release and peak combustion pressure compared well with experimental data.  Lowering 
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Figure 4.2a  Comparison of pressure and heat release rate for diesel combustion using 
conventional injection (150° injection cone angle).  
 
 
 
Figure 4.2b Comparison of pressure and heat release rate for diesel combustion using 
110° injection cone angle. 
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Figure 4.2c Comparison of pressure and heat release rate for diesel combustion using 
70° injection cone angle. 
 
 
the injection pressure lengthened the ignition delay, reduced the peak heat release and 
peak combustion pressure.  Comparing the results from different injection angles, it was 
observed that 110° injection angle produces the highest peak combustion pressure (and 
heat release rate).  Both peak pressure and heat release rate were lowest with the 70° 
injection angle due to stronger impingement on the pistol bowl.  
The predicted pressure and heat release variations for biodiesel combustion are shown 
in Figure 4.3.  As with diesel combustion, lower injection lengthened the ignition delay, due 
to slower evaporation.  However, the change of ignition delay in biodiesel was not as 
profound as diesel.  Peak combustion pressure and peak heat release rate, with the exception 
of the 70° injection angle case, tended to be lower than diesel.  Unlike diesel combustion, the 
peak combustion pressure and heat releases rate increased as the spray angle narrowed. 
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Figure 4.3a Comparison of pressure and heat release rate for biodiesel combustion 
using conventional injection (150° injection cone angle). 
 
 
 
Figure 4.3b Comparison of pressure and heat release rate for biodiesel combustion 
using 110° injection cone angle. 
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Figure 4.3c Comparison of pressure and heat release rate for biodiesel combustion 
using 70° injection cone angle. 
 
 
4.1.2 Flow Dynamics and Soot Emission 
KIVA predicted fuel vapor distributions and liquid sprays within the cylinder at 372° 
crank angle are shown in Figure 4.4.  Combustion started at this instant for the 100 MPa 
injection pressure, but it was not yet observed with the lower injection pressure (60 MPa).  
For spray angle of 150°, the spray was hitting the top of the piston bowl with part of the fuel 
vapor flowing into the squish region and the remaining flowed downward along the piston 
bowl wall deep into the piston bowl.  With injection angle of 110°, the fuel was confined 
within the piston bowl.  For 70° injection angle, the liquid spray hits the piston bowl wall, 
creating a film along it, the fuel then flowed upwards along the wall.  Some of the fuel was 
then pushed towards the squish region.  Note the strong effect on flow motion of diesel fuel 
by raising the injection pressure to 100 MPa, most of the fuel was flushing towards the squish 
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region rather than confined in the piston bowl.  A fuel film along the wall was undesirable as 
the formation of a film slowed the air-fuel mixing process and contributed to soot emission 
via rich combustion.  Wall impingement was observed in almost all biodiesel cases and, 
especially at low injection pressure, a film formed along the piston bowl wall. 
 
Diesel 
 
Biodiesel 
 
 Spray Angle: 150° Spray Angle: 110° Spray Angle: 70° 
Figure 4.4a Liquid jet and distribution of fuel vapor at 372° for injection pressure of 
60 MPa.  The arrow indicates direction of fluid flow.  Red color indicates higher 
concentration of fuel vapor. 
 
Diesel 
 
Biodiesel 
 
 Spray Angle: 150° Spray Angle: 110° Spray Angle: 70° 
Figure 4.4b Liquid jet and distribution of fuel vapor at 372° for injection pressure of 
100 MPa.  The arrow indicates direction of fluid flow.  Red color indicates higher 
concentration of fuel vapor. 
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Soot emissions predicted by KIVA for both fuels are shown in Figure 4.5.  For 
both biodiesel and diesel, injection angle of 110° produced the highest level of emission.  
From Figure 4.4, it was observed that combustion was confined within the piston bowl 
area for injection angle of 110°.  Most of the soot was formed within the piston bowl and 
the flow within the combustion chamber did not push soot towards the squish region.  
The pollutant would remain in the bowl region for the duration of combustion since the 
piston bowl was deficient of oxygen.  On the other hand, for the 70° cases, although a 
film is formed on the piston bowl wall, the fluid flow within the combustion chamber 
helped pushing some of the soot out of the piston bowl into the squish region, with 
abundant supply of oxygen.  Soot that were pushed or formed within the squish area was 
readily oxidized.  Thus, the level of soot emission was lower, compared to the case with 
110° injection angle.  However, due to the existence of film along the piston bowl, soot 
emission of the 70° was still much higher than the 150° injection angle case. 
To better understand trend of soot emissions shown in Figure 4.5, the in-cylinder 
temperature distribution at the start of combustion is shown in Figure 4.6.  Combustion to a 
large extent occurs in the squish area and the region above the piston bowl with conventional 
injection.  On the other hand, combustion was confined within the piston bowl with injection 
cone angle of 110°, as most of the fuel was confine in that region.  Using the narrow cone 
angle spray, combustion mainly occurred along the piston bowl wall, with slight spill over 
towards the squish region.  Looking at Figure 4.7, which showed the distribution of oxygen 
and soot at various instants, it could be seen that with conventional wide angle injector, parts 
of the fuel were combusted in the squish area or in the region above the piston bowl, where 
there was abundant supply of oxygen.  Therefore, most of the soot formed during combustion 
 86 
 
Figure 4.5a Predicted soot emission from both biodiesel and diesel for 100 MPa 
injection pressure. 
 
 
 
Figure 4.5b Predicted soot emission from both biodiesel and diesel for 60 MPa 
injection pressure. 
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Diesel 
 
Biodiesel 
 
 Spray Angle: 150° Spray Angle: 110° Spray Angle: 70° 
Figure 4.6a Temperature distribution of the combustion chamber at 375° for injection 
pressure of 60 MPa.  Red color indicates higher temperature. 
 
  
 
Diesel 
 
Biodiesel 
 
 Spray Angle: 150° Spray Angle: 110° Spray Angle: 70° 
Figure 4.6b Temperature distribution of the combustion chamber at 375° for injection 
pressure of 100 MPa.  Red color indicates higher temperature. 
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Spray Angle: 150° Spray Angle: 110° Spray Angle: 70° Oxygen 
Figure 4.7a Soot (left column) and oxygen (right column) distributions for diesel with 
injection pressure of 100 MPa.  Red color indicates higher quantity of oxygen / soot. 
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Spray Angle: 150° Spray Angle: 110° Spray Angle: 70° Oxygen 
Figure 4.7b Soot (left column) and oxygen (right column) distributions for biodiesel 
with injection pressure of 100 MPa.  Red color indicates higher quantity of oxygen / soot. 
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was oxidized before the exhaust stroke, which explained the lowest soot emission levels 
observed.  Note that engine-out soot emission was mainly contributed by soot that remained 
deep in the piston bowl area.  With 110° spray angle, combustion was confined within the 
piston bowl, which was oxygen deficient.  Therefore, the majority of soot was formed within 
the piston bowl and with limited oxygen supply in the piston bowl area, it was more difficult 
for soot particles within the piston bowl to be oxidized.  This explained the high soot 
emission observed in Figure 4.5 for 110° spray angle.  Soot emission using a narrow angle 
(70° injection cone angle) was smaller than in the 110° case.   Recall from Figure 4.6 that 
combustion spilled over to the squish region, even when it mainly occurred along piston bowl 
wall.  Soot formed within the squish region could readily be oxidized as oxygen supply 
within the squish region was abundant, which could be seen from Figure 4.7.  In conclusion, 
any injection or flow control strategies that would push the soot from inside the piston bowl 
to the squish region or the region above the piston bowl could potentially improve soot 
emission. 
The results shown in this section were specifically for the DIATA engine, 
described in Section 3.1.  The previously discussed implications with 150°, 110° and 70° 
spray angle applied only to the DIATA engine.  Any strategies that push soot away from 
oxygen deficient region(s) within the combustion chamber could effectively reduce 
emission.  Although the injected fuel were confined within the piston bowl region with 
spray angle of 110° in the DIATA engine, as shown in Figure 4.4, the same cannot be 
concluded for engines with different piston profiles.  In general, the spray angle and the 
piston bowl geometry both affect the flow pattern.  In addition to the spray angle, shown 
as ζ1 in Figure 4.8, the piston geometry, the shallowness of the piston that was 
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Figure 4.8 Piston geometry: the angle ζ1 is the spray angle, and the angle ζ2 
characterize the shallowness of the piston. 
 
 
characterized by the angle ζ2 in Figure 4.8 and the shape of the piston bowl, would also affect 
the flow pattern within the cylinder.  Figure 4.9 shows fuel vapor distribution  
at 377°, with fuel injection at 362° crank angle, for the original DIATA engine and two 
alternative piston profiles: one with a deeper piston bowl (i.e. smaller ζ2) and another with a 
very shallow piston bowl (i.e. larger ζ1).  The effect of piston bowl geometry on flow pattern 
was obvious from the figure.  For spray angle of 150°, the spray was hitting the top of the 
piston bowl with part of the fuel vapor flowing into the squish region and the remaining 
flowed downward along the piston bowl wall deep into the piston bowl.  This as true for all 
the three piston geometry considered.  However, the flow patterns were different for narrow 
spray angles.  For piston profile 1, the liquid jet hit the piston bowl wall and created a film 
along it for both 110° and 70° spray angles.  Fuel vapor is also confined within the piston 
bowl for both 110° and 70° spray angles.  Meanwhile, using spray angles of 110 ° and 70° 
with piston profile 2, the liquid spray hit the piston bowl wall, creating a film along it, the 
fuel then flows upwards along the wall, towards the squish region.   
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DIATA Engine 
 
Alternative Piston Geometry 1 
 
Alternative Piston Geometry 2 
 
 Spray Angle: 150° Spray Angle: 110° Spray Angle: 70° 
Figure 4.9 Liquid jet and distribution of fuel vapor at 377° for the DIATA engine and 
two alternative piston profiles.  The injection pressure is 100 MPa for all cases.  The 
arrow indicates direction of fluid flow.  Red color indicates higher concentration of fuel 
vapor. 
 
 
4.2 Comparing Variable Cone Angle Injection with Conventional Injection 
A variable cone angle injector that features an adjustable spray angles can extend 
the range of injection timing.  The goal of this study is to analyze and compare the 
combustion and operating characteristics of multi-injection schemes using the variable 
cone angle injector for biodiesel, diesel and their blends using simulations and to 
compare them with the conventional wide angle injector.  Three dual-injection schemes 
were considered for 500 kPa IMEP output operations of the DIATA engine with either 
the conventional injector or a variable cone angle injector.  The variable cone injector 
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injects fuel at two different cone angles by utilizing two rows of nozzle holes.  In this 
study, a narrower cone angle was used in the initial injection, and a conventional wide 
cone spray was used in the main injection.  The injection pressure remained constant  
at 100 MPa for all cases.  Table 4.2 tabulates the test conditions in this study.   
 
Table 4.2 Test conditions considered for conventional and variable cone angle spray 
simulations. Injection duration is 5° for initial injection and 9° for main injection.  
Notes
  
(i)
 Top-dead-center corresponds to 360º crank angle.  
(ii)
 Spray cone angle is 150°.  
(iii)
 
Spray cone angle for main injection is 150°; the cone angle for initial injection is 75°. 
 
 
4.2.1 Combustion Characteristics 
Simulation results were used to analyze the combustion process for regular 
diesel fuels with the two injectors. The pressure and heat release rate variations are 
shown in Figures 4.10 and 4.11 for main injections at 360° and 370°, respectively.  
With conventional injections, for all the cases shown, the top-dead-center pressure 
was about 4800 kPa with the conventional injector, which was the motoring top-
dead-center pressure for the DIATA engine.  There was no visible positive heat 
release from the initial injection with conventional injector.  For Test Conditions 1A, 
Test Condition 1A 1B 2A 2B 3A 3B 
Initial Injection Time [°CA]
(i) 
280° 280° 300° 300° 320° 320° 
Main Injection Time [°CA]
(i) 
360° 370° 360° 370° 360° 370° 
Fuel European Low Sulphur Diesel 
Fuel Quantity 
Initial injection: 1.3 mm
3
 
Main Injection: Adjusted for 500 kPa IMEP 
Engine Output 500 kPa IMEP 
Injector Conventional injector
(ii)
; Variable cone angle injector
(iii)
 
Injection Pressure 100 MPa 
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2A and 3A (with main injection at top-dead-center), ignitions were observed at 362°, 
about 2° crank angle after main injection started.  Peak heat release was about 50 
J/deg. and observed at 363° for all the three cases.  Combustion was characterized by 
a strong spike, followed by a long tail:  signing diffusion combustion.  The spikes in 
the heat release curves were also seen in the pressure traces as a sharp increase in 
cylinder pressure.  The maximum combustion pressures were about 6100 kPa, at 10° 
crank angle after top-dead-center (when main injections start).  Main combustion in 
these cases was not affected by the initial injections. 
For cases with deferred main injections (at 370° crank angle), only weak heat 
release was observed for the initial injections in Test Conditions 1B and 2B.  No 
combustion was observed for first injection in Test Condition 3B (fuel injections at 320° 
and 370°).  Ignition delay for main injections was about two degrees crank angle for all
 
  
Figure 4.10a Pressure and heat release variation for Test Condition 1A with main 
injection at 360° and initial injection at 280°. 
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Figure 4.10b Pressure and heat release variation for Test Condition 2A with main 
injection at 360° and initial injection at 300°. 
 
 
 
  
Figure 4.10c Pressure and heat release variation for Test Condition 3A with main 
injection at 360° and initial injection at 320°. 
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Figure 4.11a Pressure and heat release variation for Test Condition 1B with main 
injection at 370° and initial injection at 280°. 
 
 
 
 
Figure 4.11b Pressure and heat release variation for Test Condition 2B with main 
injection at 370° and initial injection at 300°. 
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Figure 4.11c Pressure and heat release variation for Test Condition 3B with main 
injection at 370° and initial injection at 320°. 
 
 
the three cases.  As with the aforementioned Test Conditions 1A, 2A and 3A (with top-
dead-center main injections), main combustion was characterized by a spike, followed by 
a long tail.  There was no obvious pressure rise due to combustion for the cases.  
Maximum combustion pressures were lower than the top-dead-center pressure for all the 
three cases.  Peak combustion pressure was about 4250 kPa for 300° crank angle initial 
injection and 4500 kPa for 320° crank angle initial injection. 
Different combustion patterns were observed when variable cone angle injection 
was applied.  The most obvious difference between variable cone angle and conventional 
injection was ignition from the initial injection.  Ignition occurs at about 353° crank angle 
for Test Conditions 1A and 1B, and, at 350° crank angle for other cases.  The magnitude 
of heat release increased from about 5 J/deg to about 15 J/deg as the injection timing was 
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pushed back from 280° to 320° crank angle.  This resulted in low temperature 
combustion and a breakdown of the fuel into smaller radicals, creating a more favorable 
environment for the evaporation and combustion of the fuel from the main injections.  
Ignition occurred as soon as the main injections start for all cases with variable cone 
angle injections.  Diffusion combustion, characterized by a long tail in the heat release 
curve, was observed for all cases.  Peak heat release rate was about 13 J/deg for Test 
Conditions 1A, 2A and 3A (main injection at 360°) and 15 J/deg for Test Conditions 1B, 
2B and 3B (main injection at 370°).  The pressure rise using variable cone angle injection 
was more gradual than conventional injection.  Nevertheless, when using conventional 
injector with after top-dead-center main injection, knocking seemed to occur, as seen 
from the wavy looking heat-release curve, but the same was not observed when using a 
variable cone angle injector. 
 
4.2.2 Engine Performance and Emissions 
Variable cone angle injections improved engine performance, as shown in  
Figure 4.12.  The indicated specific fuel consumption for with variable cone angle 
injection could be up to 10% lower than conventional injection.  This improvement was 
very likely due to the combustion after initial injection.  These involved low temperature 
combustion and breakdown of fuel molecules into radicals.  These reactions increased the 
cylinder pressure and temperature, both of which enhanced fuel evaporation and combustion 
of main injection.  This was particularly obvious from the heat release curves in Figures 4.8 
and 4.9, where ignition for main injection occurred almost instantly upon variable cone angle 
injection.  Note that there was a short delay in ignition with conventional injection.  The 
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Figure 4.12a Comparison of indicated specific fuel consumption for main injection at 
360°. 
 
 
 
Figure 4.12b Comparison of indicated specific fuel consumption for main injection at 
370°. 
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lowest indicated specific fuel consumption was achieved with initial injection at 300° 
crank angle, for both conventional and variable cone angle injections.  Figure 4.13 
shows the in-cylinder fuel vapor distribution for case 2A (with injections at 300° and 
360° crank angle) in a short period before main injection.  One of the main 
differences between variable cone angle and conventional injections was the faster 
fuel evaporation with variable cone angle injection.  Fuel injected early in the cycle 
mostly evaporated by 349° crank angle, with most fuel vapor around the center of the 
chamber.  Strong evidence of combustion was observed at 354°, and there was only 
negligible amount of fuel in the cylinder upon main injection.  In contrast, there was 
less fuel vapor at 349° crank angle with most of injected fuel concentrated in the 
region above the piston bowl.  More fuel vapor was transported into the cylinder after 
main injection.  No combustion was observed by the time of main injection in this 
case using conventional injectors.  As seen from the heat release rate plots in Figure 
4.10, there was no combustion after initial injection upon main injection at the top-
dead-center, since ignition occurred at 362° crank angle, two degrees crank angle 
after main injection. 
KIVA predictions of NOx, by the extended Zel‟dovich mechanism for all the 
cases are shown in Figure 4.14.  Predictions of soot emission by the Hiroyasu‟s model 
and Nagle and Strickland-Constable model are shown in Figure 4.15.  Variable cone 
angle injection reduces emissions for both NOx and soot in many of the listed cases, 
although the reduction may not be significant.  Most reduction occurred with top-
dead-center main injections.  The current engine design was optimized for 
conventional wide angle fuel injector.  Further adjustments in injection timing or the 
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Conventional Injection 
 
Variable Cone Angle Injection 
 
 Crank Angle: 349° Crank Angle: 359° Crank Angle: 360° 
Figure 4.13 In-cylinder fuel distributions at 349°, 354° and 359° crank angles for both 
conventional and variable cone angle injections for fuel injections at 300° and 360° crank 
angles.  Red color indicates high concentration of fuel vapor. 
 
 
 
 
Figure 4.14a Comparison of NOx emissions between variable cone angle spray and 
conventional injections with main injection at 360° (top-dead-center). 
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Figure 4.14b Comparison of NOx emissions between variable cone angle spray and 
conventional injections with main injection at 370°. 
 
 
 
Figure 4.15a Comparison of soot emissions between variable cone angle spray and 
conventional injections with main injection at 360° (top-dead-center). 
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Figure 4.15b Comparison of soot emissions between variable cone angle spray and 
conventional injections with main injection at 370°.  
 
 
design of the piston bowl may be needed for optimizing the operation with variable 
cone angle injection.  However, since variable cone angle injection was as efficient as 
conventional injection in terms of emissions, combining with improved fuel economy, 
it could be a good alternative to conventional injection for engine operation.  Further 
research in this area is the key to development of the technology.  
 
4.3 Variable Cone Angle Injection with Biodiesel 
 4.3.1 Comparisons of Pressure and Heat Release 
Simulations were completed for all the cases lists in Table 4.3 with biodiesel to 
study the differences in the combustion process between diesel and biodiesel.  Figure 
4.16 shows the pressure and heat release rate for cases with main injection at 360° and 
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Figure 4.17 is for cases with main injection at 370°.  A small peak of heat release rate 
was observed at about 353° CA (for initial injection at 280°) and 350° CA for all other 
cases, due to the initial combustion.  A dominant peak was shown upon main injection 
due to a larger amount of fuel injected during main injection.  Consequently, two 
pressure peaks were observed: one at top-dead-center and the other due to main 
injection (except Test Condition 3B for diesel, there was no second pressure peak due 
to deferred main injection).  Initial ignition was stronger and occurred earlier with later 
initial injection.  The peak was almost twice as high for Test Conditions 3A and 3B 
over Test Conditions 1A and 1B, where initial injection occurred 280°, i.e. 40° crank 
angle earlier.  Comparing the heat release rate curves for the four fuels, biodiesel had 
the longest ignition delay, which could be attributed to the lower volatility of biodiesel.  
However, the ignition delay for both the 20% and 50% biodiesel blends resembled that 
for pure diesel.  The peak heat release rate for initial injection for the blended fuel may 
 
Table 4.3 Test conditions considered for variable cone spray simulations. Injection 
duration is 5° for initial injection and 9° for main injection.  
Note
  
(i)
 Top-dead-center corresponds to 360º crank angle. 
Test Condition 1A 1B 2A 2B 3A 3B 
Initial Injection Time [°CA]
(i) 
280° 280° 300° 300° 320° 320° 
Main Injection Time [°CA]
(i) 
360° 370° 360° 370° 360° 370° 
Fuel 
European Low Sulphur Diesel 
Soybean Biodiesel 
20% Biodiesel Blend (B20) 
50% Biodiesel Blend (B50) 
Fuel Quantity 
Initial injection: 1.3 mm
3
 
Main Injection: Adjusted for 500 kPa IMEP 
Engine Output 500 kPa IMEP 
Injection Pressure 100 MPa 
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(a) 
 
 
(b) 
Figure 4.16a Predicted (a) cylinder pressure and (b) heat release rate for diesel, B20, 
B50 and biodiesel for variable cone spray injections at 280° and 360°. 
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(a) 
 
 
 
(b) 
Figure 4.16b Predicted (a) cylinder pressure and (b) heat release rate for diesel, B20, 
B50 and biodiesel for variable cone spray injections at 300° and 360°. 
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(a) 
 
 
(b) 
Figure 4.16c Predicted (a) cylinder pressure and (b) heat release rate for diesel, B20, 
B50 and biodiesel for variable cone spray injections at 320° and 360°. 
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(a) 
 
 
(b) 
Figure 4.17a Predicted (a) cylinder pressure and (b) heat release rate for diesel, B20, 
B50 and biodiesel for variable cone spray injections at 280° and 370°. 
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(a) 
 
 
(b) 
Figure 4.17b Predicted (a) cylinder pressure and (b) heat release rate for diesel, B20, 
B50 and biodiesel for variable cone spray injections at 300° and 370°. 
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(a) 
 
 
(b) 
Figure 4.17c Predicted (a) cylinder pressure and (b) heat release rate for diesel, B20, 
B50 and biodiesel for variable cone spray injections at 320° and 370°. 
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be either between those for pure diesel and pure biodiesel or, in certain cases, lower than 
both.  Despite the peak heat release rate for the main injection being inversely proportional to 
the amount of biodiesel in the fuel blend, the overall combustion process for the blended 
fuels closely resembled that for pure diesel, in terms of combustion duration and burning rate.  
This observation seemed to be related to the preferential evaporation of blended fuel.  Diesel 
fuel was more volatile than soybean biodiesel.  Therefore, the fuel vapor as diesel rich and 
the liquid phase was biodiesel rich initially.  As a result, the ignition and combustion process 
would initially be controlled by diesel fuel, which was consistent with the observations made 
from Figures 4.14 and 4.15.  These results were, again, consistent with those in the literature 
(Hallett and Ricard, 1992) indicating that the most volatile species controlled ignition and 
combustion.  Understanding the evaporation of blended fuel was very important in these 
cases.  In addition, biodiesel also caused higher heat release with shorter combustion 
duration.  This indicated that biodiesel caused faster combustion. The extra oxygen might 
improve fuel oxidation thus accelerating the combustion process.  The long tail of the heat 
release curve indicated diffusion combustion for all the cases.  Due to the lengthier ignition 
delay for pure biodiesel, the top-dead-center pressure was lowest for biodiesel and highest for 
diesel operations.  On the other hand, the peak combustion pressure, because of the strong 
heat release, was highest for biodiesel combustion and lowest for diesel combustion.  The 
pressure traces for diesel and biodiesel combustion forming the bounds for the blended fuels.  
 
4.3.2 Engine Performance and Emissions 
The indicated thermal efficiency is shown in Figure 4.18.  Thermal efficiency was 
a more appropriate scale for comparison of engine performance since it accounts for the 
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Figure 4.18a Comparison of thermal efficiency for main injection at 360°. 
 
 
 
 
 
Figure 4.18b Comparison of thermal efficiency for main injection at 370°. 
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different energy contents between the fuels.  Note that the heating value of biodiesel was 
approximately 15% lower than that of regular diesel (see Table 1.1).  Biodiesel and fuel 
blends showed better thermal efficiency over diesel for a given IMEP output.  The DIATA 
engine showed better thermal efficiency when pure biodiesel is used, with almost 10% 
improvements in certain cases.  This improvement was likely because of the oxygen in 
biodiesel that assisted the overall combustion process by creating extra unstable 
intermediate species.  Deferring either the initial or the main injection lowered the thermal 
efficiency when the engine as operated with biodiesel.  Since biodiesel was non-volatile, 
lengthening the time interval between injections allowed the fuel to fully evaporate and mix 
with air.  Therefore, the thermal efficiency improved when initial injection for pure biodiesel 
was advanced from 320° crank angle to 280° crank angle, as this allowed better combustion 
for the fuel injected during pre-injection.  On the other hand, extending the time interval 
between the two injections did not necessary improve the thermal efficiency for diesel 
application in the engine.  Since diesel evaporated faster than biodiesel, lengthening the time 
interval between injections may not improve the evaporation and mixing of fuel but lead to 
unnecessary heat loss.  The thermal efficiency for the blended fuels closely resembled that 
of diesel with top-dead-center main injection.  With main injection at top-dead-centre, both 
20% biodiesel and 50% biodiesel blends exhibited lower efficiency than the pure fuels, with 
lowest efficiency observed for 50% biodiesel blend.  However, the 50% biodiesel blend was 
as efficient as pure biodiesel and the 20% biodiesel blend was as efficient as pure diesel for 
late main injection (at 370°), despite the combustion process for both fuels closely 
resembled that of diesel.  The different trends were due to different volatilities of diesel and 
biodiesel that affected the evaporation of fuel.   
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Figure 4.19 shows the in-cylinder fuel vapor distribution at 349°, 354° and 359° 
crank angles for injections at 300° and 360° crank angle.  Combustion after initial 
injection was observed in all cases.  Comparing between pure diesel and pure biodiesel, 
the evaporation was slower for biodiesel.  Most fuel vapors concentrated in the center 
section of the combustion chamber.  Longer ignition delay was observed in biodiesel.  
Most of the fuel had been combusted the instant main injection occurs.  For blended 
fuels, the highest concentration of fuel vapor was around the fuel injector and it covered a 
smaller region when compared to the heat release for the 50% blend was lower.  At the 
 
Diesel 
 
20% Biodiesel Blend 
 
50% Biodiesel Blend 
 
Biodiesel 
 
 Crank Angle: 349° Crank Angle: 359° Crank Angle: 360° 
Figure 4.19 In-cylinder fuel distributions at 349°, 354° and 359° crank angles for 
diesel, 20% biodiesel blend, 50% biodiesel blend and biodiesel for fuel injections at 300° 
and 360° crank angles.  Red color indicates high concentration of fuel vapor.  
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instance immediately before main injection, most of the fuel injected earlier in the cycle had 
been consumed, and there were not many differences in fuel vapor distribution among the 
cases shown in Figure 4.19.   Figure 4.20 shows the component distribution for the blended 
fuels at the same time interval prior to main injection for both 20% biodiesel blend and 50% 
biodiesel blend.  This explained the lower peak heat release rate seen in Figure 4.16b.  Flame 
propagation for the 50% biodiesel blend was slower than that for the 20% biodiesel blend, 
which was consistent with the heat release rate plot in Figure 4.16b, for which the peak 
showed the component distribution for the blended fuels at the same time interval prior to 
main injection for both 20% biodiesel blend and 50% biodiesel blend.  The figures clearly 
showed that diesel, the more volatile component in the mixture, evaporated faster than 
soybean biodiesel.  At 349° crank angle, the fuel vapor was diesel dominated.  While this was 
expected for the 20% biodiesel blend, as diesel was the dominating component even in liquid 
phase, the observation was of interest for blend with 50% biodiesel by volume.  It could also 
be seen from Figure 4.20b that the component distribution was non-uniform throughout the 
vapor phase.  In the area around the injector nozzle both biodiesel and diesel existed.  
However, the area about the center of the piston bowl was mainly composed of regular 
diesel.  Since the fuel vapor was diesel-dominated, the ignition delay for the blended fuel 
resembles that for pure diesel.  Nevertheless, the whole combustion process was strongly 
affected by the presence of diesel fuel.  This showed the importance of the evaporation 
process, especially for mixtures with (vastly) different volatilities, in understanding the 
combustion of fuels blended with biodiesel.   
KIVA predictions of NOx are shown in Figure 4.21.  In general, biodiesel content 
seemed to reduce the emission level, especially for pure biodiesel and the 50% biodiesel 
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20% Biodiesel Blend 
Biodiesel 
 
Diesel 
 
 Crank Angle: 349° Crank Angle: 359° Crank Angle: 360° 
Figure 4.20a In-cylinder component distributions for 20% biodiesel blend for fuel 
injections at 300° and 360° crank angles.  Red color indicates high concentration of fuel 
vapor.  
 
 
50% Biodiesel Blend 
Biodiesel 
 
Diesel 
 
 Crank Angle: 349° Crank Angle: 359° Crank Angle: 360° 
Figure 4.20b In-cylinder component distributions for 50% biodiesel blend for fuel 
injections at 300° and 360° crank angles.  Red color indicates high concentration of fuel 
vapor.  
 
blend.  However, the trend for the 20% biodiesel blend was not as clear and NOx 
emission was higher than diesel in several occasions.  Due to longer ignition delay and 
weaker heat release for biodiesel, upon main injection, the fuel was injected into a cooler 
ambient.  As NOx formation was sensitive at high temperature, a cooler ambient upon 
main injection was very favorable condition for reducing NOx formation.  Figure 4.22 
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Figure 4.21a Comparison of predicted NOx emissions main injections at 360°. 
 
 
 
  
Figure 4.21b Comparison of predicted NOx emissions main injections at 370°. 
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shows the in-cylinder temperature distributions at 5°, 10° and 25° crank angles 
following start of main injection (360°, top-dead-center).  Initially, more regions within 
the cylinder fell under high temperature for biodiesel, due to the higher combustion rate 
and strong heat release.  Eventually, the area of high temperature zone became higher 
for diesel combustion well into the expansion stroke (385° crank angle).  Note that 
biodiesel combustion occurred and remained the piston bowl while it remained above 
the piston bowl and into the squish region for the diesel case.  Because of the cooler 
ambience upon main combustion phase for pure biodiesel, lower NOx emission was 
observed. 
 
Biodiesel 
 
Diesel 
 
 Crank Angle: 365° Crank Angle: 370° Crank Angle: 385° 
 
Figure 4.22 Temperature distribution of the combustion chamber at different instants 
after combustion for injections at 300° and 360°.  Red color indicates temperature above 
2200 K. 
 
 
The prediction of soot emissions from KIVA is presented in Figure 4.23.  
These results were showing consistent trend with general observations that biodiesel 
had lower soot emission.  There were cases where the soot emission from biodiesel  
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Figure 4.23a Comparison of predicted soot emissions main injections at 360°. 
 
 
 
 
Figure 4.23b Comparison of predicted soot emissions main injections at 370°. 
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as over 50% less than that from regular diesel.  Lower soot emission was always 
encountered with fuel blends, either the 20% or 50% biodiesel blend or B50.  The 
oxygen content in biodiesel assisted the oxidation of soot, resulting in lower 
emission. 
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5. MULTI-COMPONENT DROPLET EVAPORATION:  
A CONTINUOUS THERMODYNAMICS FORMULATION 
 
 A new droplet evaporation model using the continuous thermodynamics 
formation is developed.  The liquid composition is described by a probability distribution 
function.  The variation of distribution parameters outline the variation of composition as 
the droplet evaporates.  The proposed model accommodates applications with multiple 
probability distributions, it accounts for preferential evaporation, finite diffusion, internal 
fluid motion and surface regression.  This chapter starts with the derivation of the 
proposed model.  The model will then be applied for droplet evaporation calculations, the 
predictions are compared to experimental data.  The effects of finite diffusion and multi-
component representation of fuel will then be discussed. 
 
5.1 Overview of Model 
 The flows within the liquid phase and the vapor phase outside the droplet must be 
correctly modeled for an accurate representation of the evaporation process.  Within the 
context of the point-source-volume method, the fluxes of mass, momentum and energy 
between the droplet and ambient gas are described using an integral approach relying 
upon the quasi-steady state assumption, instead of resolving the flow field within the gas 
phase.  Since mass diffusion is much slower than momentum and energy diffusion in the 
liquid phase, the quasi-steady assumption is invalid for the liquid phase.  In other words, 
fluid flow within the liquid phase is an unsteady process.  Temperature and concentration 
distributions within the liquid phase are non-uniform due to the combined effects of 
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preferential evaporation and finite diffusion.  Conventional method(s) resolves the 
unsteady liquid phase flow by solving the governing partial differential equations that 
could be computational intensive, especially in multi-dimensional computations 
encountered in many applications, for example, engine simulations, which severely 
limiting the usefulness of these models.  A model, based upon the work by Zeng and Lee 
(2001, 2002) and Wang and Lee (2002), for which the unsteady flow field in the liquid 
phase described by a set of ordinary differential equations eliminates the need of 
resolving the full set of partial differential equation governing equations is proposed in 
this study.  The effect of finite diffusion was traced through the difference between the 
surface and mean values in the proposed model.  The proposed model was as effective as 
a zero-dimensional model and yet accounted for the liquid phase processes correctly. 
 
5.2 Vapor Phase Equation    
 Consider a droplet of a mixture n species belonging to N homogenous groups of 
chemical compounds, each to be represented by an independent probability distribution 
function, f(z), with respect to some characteristic variable of the system, z, for example, 
molecular weight or boiling point.  The diffusion equation for each species is given by, 
 
∂
∂t
 ( )Cvap xi  + ·( )Cvap v xi  = ·( )Cvap Di-mix xi  + S˙xi , (5.1) 
where Cvap is the vapor phase molar concentration, Di-mix is the effective diffusivity 
between species i in the mixture, v is the molar averaged velocity and xi is the molar 
fraction for species i.  Note that due to the large number of components within the 
mixture, it is assumed that multi-component diffusion can be approximated by Fick‟s 
Law using effective diffusivity Di-mix.  The energy equation is given by, 
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∂
∂t
 ( )Cp Cvap T  + ·( )Cp Cvap v T  = ·( )kvap T  − 
i=1
N
 N˙''xi ·hi , (5.2) 
where Cp is the specific heat capacity, hi is the partial molal enthalpy for component i, 
kvap is the vapor phase thermal conductivity and N˙''xi is the species mass flux for species i 
and T is temperature.  Using methodology similar to previous studies (Tamim and 
Hallett, 1995; Wang, 2004), a distribution function is chosen for each of the 
homogeneous groups with respect to some characteristic variables, z.  The mole fraction 
for each of the discrete component i can be represented in terms of the distribution 
function fj(z) as, 
 xi = yj · fj(z) ∆zi , (5.3) 
where yj is the mole fraction of continuous component j, represented by probability 
distribution function fj(z), and, ∆zi is the interval in z centered about the value of z 
corresponding to species i.  Note that the probability distribution function must satisfy 
 



−∞
 
∞
 fj(z) dz = 1 . (5.4) 
Substitute equation (5.3) into equations (5.1) and (5.2) and integrate with respect to z in 
the interval (0, ∞) to obtain the transport equations for continuous component j.  
Additional transport equations for the υth moment about zero of the distribution function 
can be obtained by weighting the equation with z
υ
 prior to integration.  The full set of 
transport equations for probability distribution function fj(z) are given by 
 
∂
∂t
 ( )Cvap yj  + ·( )Cvap v yj  = ·( )Cvap D0j yj  + S˙0j , (5.5a) 
 
∂
∂t
 ( )Cvap yj Ψj  + ·( )Cvap v yj Ψj  = ·( )Cvap DΨj yj Ψj  + S˙Ψj , (5.5b) 
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∂( )CpCvapT
∂t
 + ·( )CpCvapvT  = ·( )kvapT  + 
j=1
N
Cvap D0j ΔCp( )yj·T + T·
2
yj    (5.5c) 
where ΔCp = Cp‚ fuel – Cp‚ air  and Ψj is the j
th
 moment about zero of probability 
distribution function j, given by, 
 Ψj = 



−∞
 
∞
 fj(z) z 
j
dz , (5.6) 
for j = 0, 1, 2, … etc, and DΨj are the averaged diffusivity for the j
th
 moment given by, 
 Ψj · DΨj = 


0
 
∞
 D(z) · fj(z) z 
j
dz . (5.7) 
The molar fluxes and heat flux at the liquid-vapor interface, r = R, are obtained from 
species and energy conservation: 
 Cvap D(z) ( )yj fj(z)  = N˙''yj fj(z) − σ˙'' (z) . (5.8a) 
 q˙'' = kvap·T − 



0
 
∞
 σ˙'' (z) ∆Hfg(z) dz  . (5.8b) 
where ∆Hfg(z) is the enthalpy of vaporization, q˙'' is the heat flux and σ˙'' is the distributed 
flux.  Instead of solving for σ˙''(z) and integrate over z, it is more convenient to use a 
quasi-steady approach for practical engine applications as all molecules within the flow 
are essentially transported at the turbulent diffusion rate.  Assuming quasi-steady, no 
source term and spherical symmetry, the gas phase equation can be simplified as a set of 
ordinary differential equations, given by  
 
d
dr
 ( )r2 Cvap v Φj  = 
d
dr
 






r
2 
Cvap DΦj 
dΦj
dr
 , (5.9a) 
where Φj can be composition (yj) or product of composition and moments (yjΨj) for the 
species equation.  The boundary conditions are given as: 
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 Φj (r = R) = ΦR, j , Φj 





r = 
Shj
Shj − 2
 × R  = Φ∞, j . (5.9b) 
The energy equation can be written in a similar manner: 
 
d
dr
 ( )r2 Cvap v Cp T  = 
d
dr
 






r
2 
kvap  
dT
dr
  , (5.10a) 
with boundary conditions given by, 
 T (r = R) = TR , T 





r = 
Nu
Nu − 2
 × R  = T∞ . (5.10b) 
The quasi-steady solution for the molar flux and moment fluxes are thus given by: 
 N˙'' = 
Shj
2
 
Cvap D0j
R
 ln (1 + Bj), (5.11a) 
 N˙ ''Ψj = N˙
'' 






Φj‚R − 
Φj‚R − Φj‚∞
1 − ( )1 + Bj
D0j 
/ DΨj
 ,  (5.11b) 
where Bj is the transfer number given by equation (5.11c):   
 Bj = 
   yj‚surf − yj‚∞   
N˙ ''Ψj
 N˙''
 − yj‚ surf
.  (5.11c) 
Note that Sherwood number is evaluated using fuel fraction, since the diffusivities for 
composition and the moments are assumed to be almost the same.  The heat flux to the 
droplet is given by 
 q˙'' = N˙'' 







Cp ( )T∞ − TR
 exp 





2 N˙'' Cp R
kvap · Nu − 1
 
 − ΔHfg  ,  (5.12) 
where ∆Hfg is the total enthalpy of evaporation.  The Sherwood and Nusselt numbers are 
given by 
 Shj = 2 + 
3
5
 Re · 
3
Scj   (5.13a) 
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and Nuj = 2 + 
3
5
 Re · 
3
Pr .  (5.13b) 
The drag exerted on the droplet must be accounted for in the case of strong relative 
motion between the droplet and the ambient gas.  The drag coefficient, CD, would be 
reduced by evaporation, because of the thickening of viscous boundary layer as a result 
of mass transfer.  The correlation by Hohmann et al. (1996),  
 CD = CD, no evap ( )1 + Bj
−1/5
   (5.14a) 
 is used in this study, where CD,no evap is the drag coefficient with no evaporation.  The 
drag coefficient with no evaporation is determined by the correlation developed by Han 
and Reitz, (1997), 
 CD, no evap = 


24
Re
 ( )1 + Re2/3 for Re ≤ 100
0.424 for Re >100
 (5.14b) 
 
5.3 Liquid Phase Equation: A Model for Non-Uniformity 
 5.3.1 Governing Equations and the Linearized Theory 
This current work models non-uniformity within the liquid phase and extends 
previous research (Wang, 2004) to accommodate mixtures with groups of components 
with different properties.  For liquid mixtures with different properties, the mixture can 
be better described by using multiple distributions.  The liquid phase equation can be 
obtained in a similar manner as the gas phase equations, except the diffusion of 
component j is now affected by the concentration gradient of all species within the 
mixture, instead of only that of component j itself as in the vapor phase.  In other words, 
the dilute assumption does not apply in liquid phase.  Internal circulation is accounted for 
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using the effective conductivity and diffusivity (Jin and Borgman, 1985; Abramzon and 
Sirignano, 1989).  The Lewis number, i.e. the ratio of thermal diffusivity over mass 
diffusivity, is much larger than unity for liquids.  As in previous studies (Abramzon and 
Sirignano, 1989; Runges et al., 1998), the uniform liquid phase diffusivity assumption for 
all components will be applied in current model.    Following the same approach as in 
Zeng and Lee (2001) and Wang (2004), assuming symmetric flow as internal circulation 
is included by the effective transport properties and also assuming constant properties 
over short time scales, the governing equations for liquid mixtures with n distribution 
functions are given as: 
 
 ∂ CliqΦ
 
→
∂t
 = 
1
r
2 
∂
∂r
 






r
2 
Cliq DΦ 
 ∂Φ 
→
∂r
 ,  (5.15) 
where Φ 
→
 is a vector of { }Φj j=1
N
.  Note that the diffusivities in equation (5.15) are multi-
component diffusivities, which are in general given by, 
 DΦ = B
 −1
 ,  (5.16) 
for an ideal mixture.  The elements of B are calculated from the binary diffusion 
coefficients and molar composition of the mixture as, 
 Bii = 
yi
ĐiN
 + 
k=1
i≠k
N
 
yi
Đik
 , Bij = − yi 




1
Đij
 − 
1
ĐiN
 .  (5.17) 
The boundary conditions for liquid phase are given by, 
 


 ∂Φ 
→
∂r r=0
 = 0 , Cliq DΦ 

 ∂Φ 
→
∂r r=R
 = N˙''Φ 
→
 − N ˙
 
→
''Φj = Ω
 
→
Φ .  (5.18) 
Equation (5.15) represents a system of coupled partial differential equations, for which an 
exact, analytical solution is in general unavailable as the diffusivity matrix, DΦ, strongly 
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depends on mixture composition.  The solution can be computationally intensive, even if 
efficient numerical techniques are employed.  If Cliq and DΦ are assumed constant, as in 
Toor (1964) and Stewart and Prober (1964),  
 Cliq 
 ∂Φ 
→
∂t
 = Cliq DΦ 
1
r
2 
∂
∂r
 






r
2  ∂
 Φ 
→
∂r
 ,  (5.19) 
the system of equations can then be linearized and decoupled by decomposing the 
diffusivity matrix using eigenvalue decomposition.  It has been shown that eigenvalue 
decomposition always exists for the diffusivity matrix (Cullinan, 1965),  
 Λ = Σ −1DΦ Σ ,  (5.20) 
where Λ is the diagonal eigenvalue matrix, and Σ is the associated eigenvector matrix.  
Substitute equation (5.20) into equations (5.18) and (5.19) and multiply each of the 
equations by Σ −1, yielding equation (5.21), 
 Cliq 
 ∂Φ 
→
eig
∂t
 = Cliq Λ
 ∂2 Φ 
→
eig
∂r2
 . (5.21a) 
where Φ 
→
eig = Σ 
−1Φ 
→
  and Ω 
→
Φ, eig = Σ 
−1Ω 
→
Φ .  The boundary can be transformed in a 
similar manner yielding: 
 


 ∂Φ 
→
eig
∂r r=0
 = 0 , Cliq Λ 

 ∂Φ 
→
eig
∂r r=R
 = Ω 
→
Φ, eig .  (5.21b) 
Since Λ is diagonal, equation (5.21) is a system of uncoupled partial differential 
equations.  Each of the component equations takes the form of pseudo-diffusion of a 
binary mixture and thus could be solved as a pseudo-binary type problem.  For 
component j, the transformed equation is given by, 
 Cliq 
 ∂Φeig‚ j
∂t
 = Cliq Λj 
 ∂2 Φeig‚ j
∂r2
 , (5.22a) 
and the boundary conditions are given by, 
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

 ∂Φeig‚ j
∂r r=0
 = 0 , Cliq Λj 

 ∂Φeig‚ j
∂t r=R
 = ΩΦ, eig, j , (5.22b) 
where λj is the j
th
 eigenvalue of the diffusivity matrix.  These equations also have the 
same form as those of Zeng (2000, 2001, 2002).  Following same procedure outlined in 
Zeng (2000), by applying the quasi-steady assumption, an analytical solution could be 
obtained.  Equation (5.22) is solved by separation of variables for the transient solution 
and retains only first order terms.  An expression for the difference between the surface 
and volume-averaged values,Φ 
→
Δ, can then be obtained.  Equation (5.22) can be non-
dimensionalized as: 
 (1 + 2 Foj · Pev‚j) 
∂δ j
∂Foj
 + 






ρ · Pev‚j − 
2
ρ
 
∂δj
∂ρ
 = 
∂2 δj
∂ρ2
 , (5.23a) 
 


∂δ j
∂ρ
 
ρ=0
 = 0     and     


∂δ j
∂ρ ρ=1
 = 1 , (5.23b) 
where Foj is the Fourier number, which is the characteristic time scale of the problem 
defined as 
Λj·t
R
2  ; Pev,j is the evaporation Péclet number defined as − 
R
Λj
 · 
dR
dt
 ; δj is defined 
as 
Φeig‚j
ΩΦ‚eig‚j ·R
 and, ρ is the dimensionless radius given by r/R.  Note that the term 
ρ Pev,j 
∂δj
∂ρ
 , also known as the pseudo-convection term, originates from transforming the 
stationary coordinate system using a time-dependent scale, in this case, the droplet radius. 
 
 5.3.2 Solution for Slow Evaporation 
 When the rate of evaporation is slow, the vaporization Péclet number is 
negligible.  Therefore, equation (5.23) can be simplified as, 
 
∂δ j
∂Fo
 − 
2
ρ
 
∂δj
∂ρ
 = 
∂2 δj
∂ρ2
 , (5.24a) 
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

∂δ j
∂ρ
 
ρ=0
 = 0     and     


∂δ j
∂ρ ρ=1
 = 1 . (5.24b) 
The solution to equation (5.24) is obtained superimposing the steady state solution and 
the transient solution, the latter obtained by separation of variables.  The complete 
solution is given by equation (5.25), 
 δj (ρ, Foj) = δj‚0 + 3·Foj + 
ρ2
2
 + 
1
ρ
 i=1
∞
 βi e
−λ
2
i
·Fo
j sin( )λi ρ  , (5.25) 
where βi are the coefficients and λi are eigenvalues associated with the series.  As pointed 
out by Zeng and Lee (2000, 2001, 2002), the higher order terms can be neglected as the 
rate of decay for these terms are much higher.  Applying the initial condition and the final 
solution is given by, 
 δj (ρ, Foj) = δj‚0 + 3· Foj + 
ρ2
2
 ( )1 − e−λ
2
1
· Fo
j  , (5.26) 
where λ1 equals 4.4934.  From equation (5.26), the difference between the surface and 
mean can be determined as, 
1) Surface value:  
 δj,surf = δj (ρ=1, Foj) = δj‚0 + 3· Foj + 
1
2
 ( )1 − e−λ
2
1
·Fo
j  , (5.27a) 
2) Mean value:  
 δj,mean = δj‚0 + 3· Foj + 
3
10
 ( )1 − e−λ
2
1
·Fo
j  . (5.27b) 
Thus, the difference between surface and mean values is given by,  
 δj,∆ = δj‚surf − δj‚mean = 
1
5
 ( )1 − e−λ
2
1
·Fo
j  . (5.27c) 
Differentiating equation (5.27c) with respect to Fo gives an ordinary differential equation 
that describes the change in the differential value of δj with respect to time, 
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dδj‚ ∆
dt
 = λ
2
1 




1
5
 − δj‚ ∆  , (5.28) 
or, in terms of problem variables, 
 
dΦ 
→
eig‚ ∆
dt
 = 
λ
2
1
R
2 Λ 





R
5
 Λ−1 Ω 
→
Φ‚ eig − 






I + 
Pev‚eig
 λ
2
1
 Φ 
→
eig‚ ∆  , (5.29a) 
where  Pev,eig = − R 
dR
dt
 Λ−1  (5.29b) 
The solution to equation (5.15) is then obtained by an inverse eigenvalue transformation 
to equation (5.29), i.e. multiply both sides of equation (5.29) by Σ,  
 
dΦ 
→
∆
dt
 = 
λ
2
1
R
2 D 





R
5
 D
−1
 Ω 
→
Φ − 






I + 
Pev
 λ
2
1
 Φ 
→
∆  , (5.30a) 
where  Pev = − R 
dR
dt
 D
−1
 . (5.30b) 
 
 5.3.3 Solution for Rapid Evaporation 
 When Péclet number is large, which corresponds to fast evaporation of droplet, 
surface regression
5
 would cause the equilibrium state to deviate from the equilibrium 
point determined under diffusion dominating processes.  A quasi-equilibrium solution is 
obtained for the high evaporation case.  Assuming the first term in equation (5.23a) is 
spatially uniform, the equation can then be written as, 
 Θ + 






ρ · Pev‚j − 
2
ρ
 
∂δj
∂ρ
 = 
∂2 δj
∂ρ2
 , (5.31a) 
where Θ = (1 + 2 Foj · Pev‚j) , (5.31b) 
and the boundary conditions are given by, 
                                                 
5
 Surface regression means the contraction of droplet. 
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

∂δ j
∂ρ
 
ρ=0
 = 0     and     


∂δ j
∂ρ ρ=1
 = 1 . (5.31c) 
Note that the equation can be regarded as first order in terms of Gj = 
∂δ j
∂ρ
 .  The integrating 
factor to equation (5.31) is given by, 
 Lj = exp









ρ Pev‚j − 
2
ρ
  dρ = exp 






− 
ρ2
2
Pev‚j + 2 lnρ  = ρ
2
 exp 






− 
ρ2
2
Pev‚j  . (5.32) 
Multiply equation (5.31a) by the integrating factor and rearrange, 
 
∂
∂ρ
 ( )Gj Lj  = Θ Lj . (5.33) 
Solve equation (5.33) and gives the solution to equation (5.31) in terms of Gj, 
 Gj (ρ) = gj(ρ) 
exp 





ρ
2
2
Pev‚j
 ρ2
 (5.34) 
for some function, gj(ρ), yet to be determined.  Substitute equation (5.34) into  
equation (5.31), gives, after simplifications, 
 
∂ gj(ρ)
∂ρ
 = Θ ρ2 exp 






− 
ρ2
2
Pev‚j  . (5.35) 
Integrating again, gives, 
 gj(ρ) = G0 + 


 Θ ρ2 exp 






− 
ρ2
2
Pev‚j  dρ , (5.36) 
where G0 is the constant of integration.  Applying boundary conditions and solving the 
unknowns G0 and Θ are acquired from the boundary conditions.  This gives, 
 Gj(ρ) = 
∂δj
∂ρ
 = 
ρ−2 exp 





ρ
2
2
Pev‚j  



0
 
ρ
 ρ2 exp 






− 
ρ2
2
Pev‚j  dρ 
 exp 





Pev‚j
2
 



0
 
1
 ρ2 exp 






− 
ρ2
2
Pev‚j  dρ
 , (5.37) 
Therefore, the surface and mean values can then be determined, given by equation (5.38), 
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 δj, surf = δj (ρ = 1) = 



0
 
1
 
∂δj
∂ρ
 dρ , (5.38a) 
and δj, mean = 3



0
 
1
  



0
 
ρ
 
∂δj
∂ρ
 dρ · ρ2dρ . (5.38b) 
The difference between surface and mean values is thus given by, 
 δj,∆ = δj‚surf − δj‚mean = 



0
 
1
 
∂δj
∂ρ
 dρ − 3



0
 
1
 



0
 
ρ
  
∂δj
∂ρ
 dρ · ρ2dρ , (5.39) 
or, in terms of problem variables, 
 Φ 
→
∆ = 



0
 
R
 
∂Φ 
→
∂r
 dr − 
3
R
3



0
 
R
 



0
 
r
  
∂Φ 
→
∂r
 dr · r
2
dr , (5.40a) 
where the gradient term, 
∂Φ 
→
∂r
, is given by
6
, 
 
∂Φ 
→
∂r
 = [ ]ε−1(1,Pev) [ ] ε(r,Pev)  D
−1
 Ω 
→
Φ  . (5.40b) 
and ε(r,Pev) is defined as, 
 ε(r,Pev) = 





r
 −2
 exp 





r
2
2
Pev  









0
 
r
 τ2 exp 






− 
τ2
2
Pev  dτ  . (5.40c) 
According to Zeng and Lee (2000, 2001, 2002) and Wang and Lee (2002), surface 
regression enhances the mixing process within the liquid phase, with an effect similar to 
internal circulation.  The effect of surface regression can thus be representing by defining 
an effective mass or thermal diffusivity via an enhancement factor, Ξ(Pev), given by 
equation (5.41), 
 Ξ(Pev) = [ ]ε
−1
(1, Pev) [ ] ε(r, Pev)   (5.41) 
Therefore, the solution can then be obtained by modifying equation (5.30) as, 
                                                 
6
 For any diagonalizable matrix, [A], exp[A] = [V][exp[Σ]][V]−1, where Σ and V are the eigenvalue matrix 
and eigenvector matrix, respectively. 
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dΦ 
→
∆
dt
 = 
λ
2
1
R
2 Deff 





R
5
 D
−1
eff
 Ω 
→
Φ − 






I + 
Pev
 λ
2
1
 Φ 
→
∆  , (5.42a) 
where the effective diffusivity matrix is given by, 
 Deff = Ξ
−1
(Pev) D  (5.42b) 
Integrating equation (5.42) gives the difference between the surface and volume-averaged 
at any given instant.  The mean value is evaluated from the overall conservation 
equations: 
 
d
dt
 ( )Cliq R
3
 Φmean  = −3R
2
 N˙''Φ  , (5.43a) 
 
d
dt
 ( )Cliq R
3
 Cp‚liq Tliq‚mean  = 3R
2
 q˙'' . (5.43b) 
Note that equation (5.43) is the same as those in well-mixed models.  Therefore, the 
current model presents a small additional computational cost and presents a possibility 
for adoption for multi-dimensional simulations.  During integration, droplet radius, mass 
flux, moment fluxes are updated at each time step. 
 The thermal conductivity and diffusion coefficients are effective properties, 
account for internal circulation within the droplet that is induced from the relative motion 
between ambient gas and the droplet.  The correlations by Abamzon and Sirignano 
(1989) is adopted in this study, 
 
DΦ‚liq‚eff
 DΦ‚liq
 = 1.86 + 0.86 tanh 






2.245 log10




Reint·Scliq
30
 , (5.44a) 
 
kliq‚eff
kliq
 = 1.86 + 0.86 tanh 






2.245 log10




Reint·Prliq
30
 , (5.44b) 
where Reint is the Reynolds number determined from the characterizing velocity for 
internal flow, vint, 
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 Reint = 
2 ρliq vint R
σliq
, (5.44c) 
and vint = 
1
32
 
σvap
σliq
 
12.69 
3
Redrop
1 + B
 v . (5.44d) 
where B is the overall transfer number, Redrop is the droplet Reynolds number, ρliq is the 
liquid density and σliq and σvap represents liquid phase and vapor phase viscosity, 
respectively.  
 
5.4 Phase Equilibrium 
 5.4.1 Low-Pressure (Ideal Gas) Formulation 
The chemical potential, ε, for all phases for all species in a mixture must be equal 
at equilibrium.  Assuming an ideal mixture, the vapor-liquid phase equilibrium for any 
individual species is given as 
 yj,vap = yj‚liq 
Psat (T)
P∞
 , (5.45) 
also known as Raoult‟s Law, where Psat is the saturation pressure.  The saturation 
pressure is determined from the Clausius-Clapeyron equation, which can be expressed for 
a continuous mixture as, 
 Psat (z) = Patm exp 




ΔSfg
R
 






1 − 
Tboil (z)
T
 . (5.46) 
where ∆Sfg is the entropy of vaporization and Tboil is the boiling point.   The entropy of 
evaporation is constant and equals to 87.9 kJ/kmol·K for alkanes and 115 kJ/kmol·K for 
alcohols by Trouton‟s rule.  Equation (5.45) can be extended for a continuous mixture, 
for composition, average (first central moment) and variance, respectively, as 
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 yj,vap = 



0
 
∞
 fliq(z) 
Psat (T, z)
P∞
 dz , (5.47a) 
 μ¯j, vap = 
1
yj‚vap
 



0
 
∞
 fliq(z) · 
Psat‚j (T, z)
P∞
 · z dz  ,  (5.47b) 
 ζ
2
j‚ vap = 
1
yj‚vap
 



0
 
∞
 fliq(z) · 
Psat (T, z)
P∞
 · ( )z − μ¯ j‚ vap
2
  dz . (5.47c) 
where Psat,j(T) is the saturation pressure for component j. 
 
 5.4.2 High Pressure Formulation Using an Equation of State 
 For droplets in higher pressure ambient, both real gas effects and solubility of 
ambient gas into the liquid phase must be considered.  The mixture is composed of a 
discrete species, air that dissolved in the liquid phase, and the continuous components.  
The equilibrium can be written in terms of fugacity coefficient, φ, as,  
Continuous components:  
 yj,vap fj,vap(φ) · φj,vap = yj,liq fj,liq(φ) · φj,liq . (5.48a) 
Discrete components:  
 yj,vap φj,vap = yj,liq φj,liq . (5.48b) 
The fugacity coefficient is calculated from the chemical potential,  
 μ(φ) = 











δP
δnf(τ) T‚V‚τ=φ
 − 
RI T
V
 dV − RI  T 
P°V
nf(φ)RI T
 + RI T + μ°(T,φ) , (5.49) 
where n represents the total number of moles, P is the pressure, P° is the reference 
pressure, RI  is the universal gas constant, V is the volume of the system, and, ε° is the 
ideal gas chemical potential at the reference pressure, P°.  A cubic equation of state must 
be used in the determination of inter-phase equilibrium.  The Peng-Robinson equation of 
state, the predictions of which have been shown in good agreement with experimental 
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measurements (Wang and Lee, 2002; Zhu and Aggarwal, 2000), is used in this study.  
The Peng-Robinson equation of state is given by, 
 P = 
RI T
V − b
 − 
a
V 
2
 + 2 b V − b2
 , (5.51) 
where the coefficients a and b are functions of both temperature and composition.  For 
hydrocarbon families, they can be expressed as (Cotterman et al., 1985), 
 b(φ) = b0 + b1 · φ, (5.52) 
 a
1/2
 (T, φ) = a0(T) + a1(T) · φ , (5.53a) 
where a0(T) = a00 + a01·T + a02·T
2
 , (5.53b) 
 a1(T) = a10 + a11·T + a12·T
2
 . (5.53c) 
The fugacity coefficient for each component in the mixture can be obtained by 
substituting the equation (5.51) into equation (5.49), 
 ln ( )φj  = 
bj
 b
 ( )ξ − 1  − ln(ξ − B+) + AEOS 





bj
 b
 − 
2 aj
1/2
a
  [ ]yj aj
1/2
 + yj ( )a0 + a1 φ  ,(5.54) 
where the coefficients AEOS is given by,  
 AEOS = 
A
+
2 2B
+ ln 
ξ + B+( )1 + 2
 ξ + B+( )1 − 2
 , (5.55a) 
 A
+
 = 
aP
RI
2
T
2   and  B
+
 = 
bP
RI T
 , (5.55b) 
and the compressibility, ξ, is the root to the cubic equation, 
 ξ3 − ( )1 − B+  ξ2 + ( )A+ − 3 B+2 − 2 B+  ξ − ( )A+·B+ − B+2 − B+3  = 0  . (5.56) 
The mixture values of the coefficients a and b are obtained via a mixture rule, given by 
Lippert (1999) and Zhu and Reitx (2002).   The fugacity coefficient is given by, in terms 
of molecular weight,  
 ln φ(φ) = Z1 + Z2 · φ  , (5.57) 
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as in previous studies (Lippert, 1999; Wang and Lee, 2002).  The coefficients Z1 and Z2 
in equation (5.57) are determined by substituting equation (5.57) into equation (5.54) and 
then comparing coefficients on both sides of the resulting equation.  This gives, 
 Z1 = 
β0
 β
 ( )ξ − 1  − ln(ξ − B+) + AEOS 





β0
 β
 − 
2 α0
1/2
α
  [ ]yair αair
1/2
 + yfuel ( )α0 + α1 μ¯fuel  , (5.58a) 
 Z2 = 
β1
 β
 ( )ξ − 1  + AEOS 





β1
 β
 − 
2 α1
1/2
α
  [ ]yair αair
1/2
 + yfuel ( )α0 + α1 μ¯fuel  . (5.58b) 
Subsitute equation (5.57) into equation (5.48) and integrate over the probability 
distribution function with respect to the characteristic variable, φ, yielding, 
 





yj 



φ
 
 
 fj ( )φ  · exp ( )Z1 + Z2 · φ dφ
vap
 = 





yj 



φ
 
 
 fj ( )φ  · exp ( )Z1 + Z2 · φ dφ
liq
 .(5.59) 
 
5.5 Distribution Function and Property Evaluation: A Continuous Approach 
The fuel mixture, in this study, is characterized by its molecular weight, φ, using 
a Γ-distribution, frequently used to represent petroleum fractions in previous studies 
(Cotterman et al., 1985; Tamim and Hallett, 1995; Abdel-Qader, 2005).  The Γ-
distribution is given by equation (5.60), 
 f (φ) = 
( )φ − γ α−1
βα Γ(α)
 exp 






− 
φ − γ
β
  , (5.60a) 
where Γ(z) is the gamma function, given by, 
 Γ(φ) = 

0
 
∞
 τ φ −1 e−τ d τ , (5.60b) 
with α, β, γ are the parameters of the controlling the shape of the distribution.  The mean 
(same as the first central moment), μ¯, and variance, ζ2, of the Γ-distribution are given as, 
 μ¯ = α · β + γ      and      ζ2 = α · β2 . (5.61) 
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As pointed out in previous studies, the second central moment, Ψ2 = ζ
2
 + μ¯2, is used due 
to the simplicity in the derivation that it introduces over the variance (Tamim and Hallett, 
1995; Abdel-Qader and Hallett, 2005; Wang, 2004).  Throughout the study, diesel is 
represented by the gamma distribution with mean and standard deviation of 185 g/mol 
and 43 g/mol, respectively; the corresponding parameters for gasoline are 85 g/mol and 
35.8 g/mol.  Pure liquids are represented by narrow distributions with standard deviation 
of 1 g/mol and mean equal to the molecular weight of the compound.  Figure 5.1 depicts 
the distribution functions for diesel, gasoline, tetradecane and octane. 
 
 
Figure 5.1 Gamma distributions with various parameters representing diesel, 
gasoline, tetradecane and octane.   
  
 
The expressions for phase equilibrium can be further simplified by substituting 
the distribution function into equation (5.47).  Using a linear approximation for the 
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boiling temperature, Tboil (φ) = aboil + bboil · φ , as in Tamim and Hallett (1995), giving the 
vapor phase composition and moments in terms of problem parameters, 
 
 yj,vap,R = 
Patm
P∞
 exp 





ΔSfg
RI
 






1 − 
aboil‚j + bboil‚j · γj
TR






1 + 
ΔSfg
RI  TR
 bboil‚j · βliq‚j
αliq‚j  , (5.62a) 
 μ ¯j,vap,R = γj + 
μ ¯j‚liq‚R − γj






1 + 
ΔSfg
RI  TR
 bboil‚j · 
ζ 
2
j‚liq‚R
 μ ¯j‚liq‚R − γj
 ,  (5.62b) 
 ζ 
2
j‚vap‚R = ζ 
2
j‚liq‚R 




μ ¯j‚vap‚R − γj
μ ¯j‚liq‚R − γj
2
 . (5.62c) 
 
Similarly, the corresponding expressions for droplets in high pressure ambience are 
obtained, by substituting the gamma distribution function into equation (5.59) to obtain 
the expressions for mole fractions, mean and standard deviation of the distribution 
function across the liquid-vapor interface as, 
 
 yj,vap‚R = 
exp ( )∆Z1 + ∆Z2
( )1 − ∆Z2 βliq‚ j
αliq‚ j , (5.63a) 
 μ ¯j,vap‚R = γj + 
μ ¯j‚liq‚R − γj
1 − 
  ∆Z2 ζ
2
j‚liq‚R  
μ ¯j‚liq‚R − γj
 ,  (5.63b) 
 ζ 
2
j‚vap‚R = ζ 
2
j‚liq‚R 




μ ¯j‚vap‚R − γj
μ ¯j‚liq‚R − γj
2
 , (5.63c) 
 
where ∆Zj is the difference of the fugacity coefficient between the liquid and vapor 
phases, 
 ∆Zj = Zj,liq − Zj,vap . (5.63d) 
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The properties required in the model must also be written in terms of molecular 
weight, the characterizing variable in probability distribution function
7
.  Tamim and 
Hallett (1995) gave a number of correlations for vapor phase thermal conductivity, 
diffusivity, enthalpy of vaporization and specific heat.  Meanwhile, Wang (2004) and 
Abdel-Qader and Hallett (2005) presented the correlations for a number of liquid 
properties including viscosity and those listed above.  Vapor/gaseous phase properties are 
evaluated by the one-third law (Hubbard et al., 1975).  Note that the enthalpy of 
evaporation given in previous work must be modified for multiple distributions.  Abdel-
Qader and Hallett (2005) gave an expression in terms of the gradient of the first central 
moment as, 
 ΔHfg=
j
 



aevap 






yj − 
Cvap D0j
N˙''
 ∂yj
∂r
|
r=R 


+ bevap






yjΨ1‚ j − 
Cvap D0j
N˙''
 
 ∂yjΨ1‚ j
∂r
|
r=R
ς0.38(T)  , (5.64a) 
where the temperature correction factor is given by, 
 ς(T) = 
Tcrit‚j − T
Tcrit‚j − Tboil‚j 
.  (5.64b) 
Using the vapor phase profile for composition and first central moment (Hallett and 
Grimwood, 2001), the gradient terms in equation (5.64) can be re-written in terms of 
problem parameters as in equation (5.65). 
 


 ∂yj
∂r
|
r=R
 = 






yj − 
N˙''0j
N˙''
  · 
ln( )1 + Bj
R
,  (5.65a) 
 


 ∂ yjΨ1‚ j
∂r
|
r=R
 = 
| yjΨ1‚ j r=R − | yjΨ1‚ j r→∞
R
 · 
ln( )1 + Bj
Bj
.  (5.65b) 
                                                 
7
 See Appendix A for the correlations for selected properties of alkanes and alcohols. 
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Substitute equation (5.65) into equation (5.64) and simplify to give an equation for the 
enthalpy of evaporation as, 
 ΔHfg = 
j
 ς0.38(T) 



aevap 
N˙''0j
N˙''
 



+ bevap 





| yjΨ1‚ j r=R − 
| yjΨ1‚ j r→∞ − | yjΨ1‚ j r=R
Bj
  .(5.66) 
The coefficients aevap and bevap are 2.07×10
7
 and 1.35×10
5
, respectively, for alkanes 
(Tamim and Hallett, 1995); 3.01×10
7
 and 1.76×10
5
, respectively for alcohols (Hallett and 
Clark, 2006).  The factor (Tcrit – Tboil)
0.38
 is approximates as 6.959 for alkanes and 7.1074 
for alcohols. 
 Both thermal and transport properties at high pressure exhibit different trends than 
at low pressure.  For typical diesel engine conditions, the pressure rises over 10 MPa, far 
exceeding the critical pressure of the fuel.  The effects of high pressure are taken into 
account in current study.  The following outlines the various approximations used in this 
study of estimating properties under high pressure.  The Chou and Prausnitz (1986) 
method is used to estimate specific heat capacity at high pressure.  The latent heats are 
determined by equation (5.67),  
 ∆Hfg = RI T
2
 








∂ ln φliq
∂T p‚ yliq
 − 


∂ ln φvap
∂T p‚ yvap
 , (5.67) 
in terms of fugacity coefficients.  The derivatives in equation (5.67) can be analytically 
determined from equation (5.54).  Liquid phase viscosity at high pressure is 
approximated by the Lucas method while the Latini and Baroncini method is used to 
estimate liquid phase thermal conductivity (Poling et al., 2001).  Liquid phase diffusivity 
is calculated using the with the Tyn-Calus method (Poling et al., 2001).  For gaseous 
phase, the diffusivity, viscosity and conductivity are determined by the Riazi and 
Whitson method and the Chung‟s method (Poling et al., 2001).  Note that the equilibrium 
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calculation is stopped once the droplet reaches to its critical state in practical 
implementation. 
 
5.6 Droplet Evaporation at Atmospheric Conditions 
5.6.1 Comparisons with Experimental Data for Single Distribution Droplets 
The evaporation of a pure n-decane (C10 H22) droplet under the condition prescribed in 
Wong and Lin (1992) was simulated with the proposed model.  In the study by Wong and Lin 
(1992), the droplets were suspended from a ceramic suspender.  Droplet temperatures were 
measured by chromle-alumel thermocouples.  The uncertainty in temperature measurements 
was ±1 K.  A video recorder was used in the experiment to record the change of droplet 
radius.  The initial diameter and temperature of the droplet were 1961 μm and 313 K, 
respectively.  The droplet was evaporating in air moving at 1 m/s.  Ambient condition was 101 
kPa and 1000 K, respectively.  Pure n-decane was represented by a narrow distribution with 
mean of 142.3 g/mol and standard deviation of 1 g/mol (Wang, 2004; Wang and Lee, 2002), 
and the origin (γ) of the distribution function was 132.3 g/mol.  Figure 5.2a compares the 
normalized droplet radius.  The proposed model predicted the variation of droplet radius well, 
albeit with slight discrepancy from 2 seconds onward.   
The variation of droplet temperature is shown in Figure 5.2b, compared to the 
temperature measured at droplet center (Wong and Lin, 1992).  The predicted equilibrium 
temperature of the droplet was 434 K, which is 5% higher than the measured values at droplet 
center, which was 420 K.  Thermal conduction through the thermocouple in the experiments 
was not accounted for in the calculation, which may explain the discrepancy in the 
equilibrium temperature observed in Figure 5.2b.  As the surrounding walls were not pre- 
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Figure 5.2a Normalized droplet radius for a n-decane droplet with initial radius of 
980.5 μm, evaporating in ambient air at 101 kPa and 1000 K.  Initial droplet temperature 
is 313 K.  Experimental data are taken from Wong and Lin (1992).   
 
 
 
Figure 5.2b Temperature variation for a n-decane droplet with initial radius of 980.5 
μm, evaporating in ambient air at 101 kPa and 1000 K.  Initial droplet temperature is 313 
K.  Temperature measured at droplet center (r = 0) taken from Wong and Lin (1992).   
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heated in the experiment, the effects of thermal radiative were assumed negligible.  In order 
to verify the code for multi-component calculations, the calculation was repeated by 
considering the droplet being composed of a pseudo-mixture of n-decane and n-decane, 
different compositions such as 50%-50%, 60%-40%, 70%-30%, 80%-20% and 90%-10% 
were applied.  Note that each of the components was represented by a separate gamma 
distribution function, specified above.  The results in Figures 5.2a and 5.2b showed that the 
KIVA predictions of radius shrinkage and droplet temperature for the pseudo-mixture droplet 
were point-wise identical to the predictions for the single component droplet, verifying the 
accuracy of the code.  
The proposed model was also applied to predict the evaporation of a JP-4 droplet 
under conditions identical to those in the experiment by Runge et al. (1998).  The 
temperature measurements were conducted by suspending the droplet at the end of  
a K-type thermocouple.  The uncertainty in temperature measurements was ±0.5 K.  Note 
that JP-4 was a complicated mixture composed mainly of alkanes.  The mean and standard 
deviation of the distribution function were 113 g/mol and 27.5 g/mol, respectively (Hallett, 
2000; Wang, 2004; Wang and Lee, 2002).  The initial droplet diameter was 646 μm, 
evaporating in ambient air of 101 kPa and 294 K.  The relative velocity between ambient air 
and the droplet was 3 m/s.  The droplet temperature dropped sharply to about 280 K before it 
slowly heated up to 293 K, about 1 K below the ambient temperature, shown in Figure 5.3.  
The initial drop in temperature was due to rapid evaporation of the very light components in 
the fuel.  The model predicted the temperature history well.  The slight mismatch was most 
likely due to the existence of other hydrocarbon groups contained in the fuel, which could not 
be adequately represented by the aforementioned probability distribution function.  Runge et 
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al. (1998) predicted the evaporation of the same droplet using a 33-component discrete model 
with significant discrepancies between experimental data and numerical predictions.  The 
proposed model significantly simplified the computations, comparing to a discrete approach, 
for a complicated mixture while improved the accuracy of numerical predictions. 
The presented results showed that the capability of the proposed model in 
reproducing experimental results for single component droplets.  
 
 
Figure 5.3 Comparison of temperature variation for a JP-4 droplet with initial radius 
of 646 μm, evaporating in ambient air at 101 kPa and 294 K, with experimental data from 
Runge et al. (1998). 
 
 
5.6.2 Comparisons with Experimental Data for Multi-Distributions Droplets 
The proposed model was then used to simulate the evaporation of a droplet 
composed of heptane-decane mixture at conditions specified in Daïf et al. (1999), and, 
model predictions were then compared with experimental measurements.  The 
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experiment was performed in a wind tunnel with the droplet suspended on a glass 
capillary.  Droplet radius was measured using a video system equipped with 
microphotographic lenses.  The instantaneous droplet surface temperature was measured 
using a thermographic infrared system with an accuracy of ±1%.  The two types of 
measurements were synchronized by a time trigger.  The error in droplet size 
measurements was ±3% per 1 mm.   
In the numerical calculations using the proposed model, the two species were 
represented by different distribution functions.  Pure heptane (C7H16) was represented by 
a distribution function with mean of 100.2 g/mol and standard deviation of 1 g/mol, with 
origin (γ) of the probability distribution function at 90.2 g/mol.  Pure n-decane was, 
again, represented by a narrow distribution with mean of 142.3 g/mol and standard 
deviation of 1 g/mol (Wang, 2004; Wang and Lee, 2002), and the origin (γ) of the 
distribution function was 132.3 g/mol.  Figure 5.4 shows the variation of droplet surface 
area, normalized by the initial surface area, of a 1360 μm droplet composed of 50% 
(volume fractions) heptane and 50% decane evaporating in ambient air of 101 kPa  
and 297 K.  The initial droplet temperature of the droplet is 290 K.  There is no relative 
motion between the droplet and ambient air.  The proposed model predicted the shrinkage 
of droplet surface area reasonable well, comparing with experimental data.  The surface 
area reduced in a linear manner from beginning untilapproximately 40 seconds, and also 
from about 150 seconds onwards at a different slope.  The slope of the curve changed 
because the composition of the droplet varies with respect to time.  Since heptane was 
more volatile than decane, the initial shrinkage of the droplet was mainly due to heptane 
evaporation.  Due to the lower volatility of decane, the evaporation of the droplet slowed 
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down gradually, this explained the decreasing slope of the curve with respect to time.  As 
evaporation proceeded, decane became the dominant species in the liquid phase and the 
droplet surface area decreased in a linear manner, although at a different rate than the 
initial one due to different liquid composition. 
 
 
Figure 5.4 The variation of droplet surface area during evaporation of a 50% heptane 
– 50% decane (by volume) droplet with initial diameter of 1360 μm.  Initial droplet 
temperature is 290 K.  Ambient air is at 101 kPa and 297 K.  Experimental data are 
adopted from Daïf et al. (1999). 
 
Similar calculations were carried out for heptane-decane droplets evaporating 
in moving air.  Heptane-decane droplets evaporating in ambient air of 101 kPa and 
348 K were simulated.  The free stream velocity of the ambient air was 3.1 m/s.  
Droplets of two different compositions, one composed of 75% heptane and 25% 
decane with initial diameter of 1484 μm and another one composed 25% heptane and 
75% decane with initial diameter of 1360 μm, were simulated and compared with 
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experimental data adopted from Daïf et al. (1999).  Figure 5.5a shows the variation of 
normalized surface area both droplets.  The proposed results predicted the surface 
regression process well.  For the 75% decane droplet, the rate of surface regression 
was almost constant and resembled that of pure decane (Daïf et al., 1999).  Note that 
the liquid phase was dominated by decane rapidly after evaporation started.  A two-
stage process, similar to those observed in Figure 5.4 for the heptane-decane droplet 
with equal fraction, was observed for the 75% heptane droplet. Figure 5.5b shows the 
surface temperature variations for both droplets.  The numerical predictions 
resembling the correct trends reflected in experimentalmeasurements with slight 
discrepancies towards the end of droplet life.  The uncertainty associated with 
experimentation may explain the discrepancies.  The different evaporation behavior 
between the two droplets can be seen from the figure. 
 
  
Figure 5.5a Variation of droplet surface area for heptane-decane droplets evaporating 
at ambient air of 101 kPa and 348 K.  Air velocity is 3.1 m/s.  Experimental data are 
adopted from Daïf et al. (1999). 
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Figure 5.5b Variation of droplet surface temperature for heptane-decane droplets 
evaporating at ambient air of 101 kPa and 348 K.  Air velocity is 3.1 m/s.  Experimental 
data are adopted from Daïf et al. (1999).  
 
Figure 5.6 shows the change in droplet surface area for a 1830 μm diameter 
droplet, composed of 90% no. 2 diesel fuel and 10% ethanol, evaporating in ambient air 
of 703 K and 101 kPa.  The predicted values were compared to experimental 
measurement for an identical droplet evaporating in same ambient condition (Hallett and 
Beauchamp-Kiss, 2010).  The droplet under study was suspended at the end of a quartz 
fiber and a pre-heated furnace moved to enclose the droplet.  Instantaneous droplet size 
was measured from images acquired from an optical system.  The mean and standard 
deviation of the distribution representing no. 2 diesel fuel were 185 g/mol and 47.5 
g/mol, respectively, as specified in the study.  The rate of surface regression in the first 
2.5 seconds was slow, mostly due to evaporation of ethanol on droplet surface.  The rate 
of surface regression gradually became steady with time.  The graph showed excellent 
comparison between predicted regression history and measure values. 
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Figure 5.6 Surface regressions for a droplet composed of 90% no. 2 diesel fuel and 
10% ethanol vaporizing in quiescent atmosphere at 101 kPa and 703 K.  Initial droplet 
diameter is 1830 μm.  Experimental data are adopted from Hallett and Beauchamp-Kiss 
(2010).  
 
The proposed model reproduced experimental data with satisfactory accuracy for 
various cases, single component, mixtures composed of pure components and mixtures 
involves a distribution and discrete component(s).  This verified the general applicability 
of the model for multi-component droplet evaporation calculations. 
 
5.6.3 The Effects of Finite Diffusion in Liquid Phase 
A 100 μm droplet, composed of 80% diesel and 20% n-butanol (by mass),  with 
initial temperature 313 K evaporating in quiescent air of 1000 K and 101 kPa was 
simulated  with the proposed model and the infinite diffusion model to assess the effects 
of finite diffusion rate within the liquid phase.  Diesel fuel was represented by a 
distribution function with mean and standard deviation of 185 g/mol and 43 g/mol, 
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respectively.  The corresponding parameters for n-butanol were 74 g/mol and 1 g/mol, 
respectively.  The predicted droplet lifetime was about 0.0495 s, by either model.  The 
droplet lifetime depended on the amount of energy required for complete evaporation and 
also on the heat flux imposes at the droplet.  Since the amount of energy that a droplet 
needed for complete evaporation was independent of the liquid phase processes, the 
choice of liquid phase model should not impose any significant effect in the prediction of 
droplet lifetime.  Due to the large temperature difference between the droplet and the 
ambient, the heat flux imposed at the droplet should, again, insensitive to the liquid phase 
process.  Thus, the predicted droplet lifetime was similar by either the infinite diffusion 
or finite diffusion models. 
Figure 5.7 shows the variation of droplet surface temperature and molar 
composition, predicted by both the proposed finite diffusion model and compared with 
the infinite diffusion solution.  The finite diffusion solution predicted a higher surface 
temperature initially, but the two solutions converged as the droplet evaporates.  The 
volatile component in the mixture, n-butanol, at the droplet surface evaporated much 
faster than diesel fuel.  The composition on droplet surface was different from the 
volume-averaged liquid phase composition, as shown in Figure 5.7c, when using the 
finite diffusion model.  Note the mean liquid phase molar composition of n-butanol 
gradually decreased after the depletion of the species on droplet surface at about 0.015 
second, indicating that n-butanol from inside the liquid slowly diffusing to the droplet 
surface throughout the droplet lifetime.  On the other hand, the infinite diffusion model 
predicted a slower initial evaporation compared to the finite diffusion solution, but 
compensated by higher evaporation rate at a later period for both diesel fuel and n-
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Figure 5.7a Comparison of droplet surface temperature by the finite diffusion model 
and infinite diffusion model, for a 80% diesel – 20% n-butanol (by mass) droplet of 100 
μm diameter evaporation in ambient air of 1000 K and 101 kPa.  Initial droplet 
temperature  
is 313 K. 
  
Figure 5.7b Comparison of liquid composition at droplet surface by the finite diffusion 
model and infinite diffusion model, for a 80% diesel – 20% n-butanol droplet of 100 μm 
diameter evaporation in ambient air of 1000 K and 101 kPa.  Initial droplet temperature  
is 313 K. 
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Figure 5.7c  Mole fraction of n-butanol for a 80% diesel – 20% n-butanol droplet of 
100 μm diameter evaporation in ambient air of 1000 K and 101 kPa.  Initial droplet 
temperature  
is 313 K 
 
butanol, consistent with the predictions of droplet temperature.  The most important 
characteristic of the infinite diffusion solution was the total depletion of n-butanol at 
approximately 0.015 s.  On the other hand, using the proposed finite diffusion model, n-
butanol existed in the liquid phase throughout the droplet life.  While n-butanol on the 
droplet surface evaporated readily, it as not immediately replenished by n-butanol from 
within the liquid phase due to internal diffusion resistance. 
 A similar calculation was conducted for an identical droplet, except it was composed 
of 80% diesel and 20% ethanol (by mass).  The droplet surface temperature, vapor phase 
composition and liquid phase composition are shown in Figure 5.8.  Due to the enlarged 
difference in volatilities between diesel and ethanol, two-stage evaporation was more obvious 
than the diesel-n-butanol droplet.  The surface temperature predicted by the infinite diffusion 
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Figure 5.8a Comparison of droplet surface temperature by the finite diffusion model and 
infinite diffusion model, for a 80% diesel – 20% ethanol (by mass) droplet of 100 μm 
diameter evaporation in ambient air of 1000 K and 101 kPa.  Initial droplet temperature  
is 313 K. 
 
  
Figure 5.8b Comparison of liquid composition at droplet surface by the finite diffusion 
model and infinite diffusion model, for a 80% diesel – 20% ethanol droplet of 100 μm 
diameter evaporation in ambient air of 1000 K and 101 kPa.  Initial droplet temperature  
is 313 K. 
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Figure 5.8c Ethanol mole fraction for a 80% diesel – 20% ethanol droplet of 100 μm 
diameter evaporation in ambient air of 1000 K and 101 kPa.  Initial droplet temperature  
is 313 K. 
 
 
model remained lower than the finite diffusion model predictions throughout the droplet 
lifetime.  The differences in the predictions between the two models were more profound 
than the diesel-n-butanol droplet.  Surface temperature predicted by the infinite diffusion 
model differed from the finite diffusion model by as much as 10% for the diesel-ethanol 
droplet and up to 5% for the diesel-n-butanol droplet.  Up to 50% difference is observed 
in the surface compositions predicted by the two liquid models for the diesel-ethanol 
droplet and i to 35% for the diesel-n-butanol droplet.  These results indicated the 
importance of the liquid phase model as it altered the predicted evaporation behavior. 
The probability distribution function parameters, mean and standard deviation, at 
droplet surface for the diesel-n-butanol and diesel-ethanol droplets are shown in Figure 5.9.  
The infinite diffusion model prediction of surface mean molar mass was lower than the 
 156 
prediction by the finite diffusion model.  With an infinite diffusion rate, once evaporation 
begins the lighter components inside reached droplet surface instantly.  On the other hand, 
due to finite diffusion rate in the finite diffusion model, lighter components could not reach 
droplet surface immediately.  As a result, the average molar mass on droplet surface 
predicted by the infinite diffusion model was lower than the prediction by the finite diffusion 
model.  Comparing the standard deviations determined by the two models.  The infinite 
diffusion predicted a higher value initially, but, the value decreased much faster than the 
finite diffusion model prediction.  As seen from Figures 5.7 and 5.8, the finite diffusion 
model predicted a faster evaporation at the beginning of the droplet.  As a consequence, the 
component distribution at droplet surface was skewed toward heavier components.  
However, as the droplet evaporates, lighter components within the droplet were retained 
longer because of finite diffusion rate in the liquid phase.  As the droplet evaporated, the
  
Figure 5.9a The surface mean molecular weight (left scale) and surface standard 
deviation (right scale) of distribution function for diesel at droplet surface for the diesel-
n-butanol droplet evaporation in quiescent ambient air of 1000 K and 101 kPa  
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Figure 5.9b The surface mean molecular weight (left scale) and surface standard 
deviation (right scale) of distribution function for diesel at droplet surface for the diesel-
ethanol droplet evaporation in quiescent ambient air of 1000 K and 101 kPa  
 
lighter components disappeared faster in the infinite diffusion model, in an analogous 
manner seen in Figure 5.8, while in the finite diffusion model, the lighter components 
slowly diffused to the droplet surface.  Therefore, towards the end of droplet lifetime, 
the components were more distributed in the finite diffusion process than in the 
infinite diffusion process, where the more volatile components in the mixture depleted 
totally before the droplet completely evaporated.   This explained the faster reduction 
of the standard deviation predicted by the infinite diffusion model.  
 
5.6.4 Evaporation of Diesel Droplet 
A 50 μm diesel droplet with initial temperature of 300 K, in ambient air at 1 atm and 
750 K was simulated with the proposed model.  Droplet surface temperature, boiling point 
and fraction of evaporated mass histories for the droplet are shown in Figures 5.10 and 5.11.  
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Figure 5.10 Liquid surface temperature and boiling point for a 50 m diesel fuel 
droplet in quiescent air at 750 K and 1 atm. 
 
 
 
 
Figure 5.11 Mass fraction evaporated for a quiescent for a 50 m diesel fuel droplet in 
quiescent air at 750 K and 1 atm. 
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Boiling point of the droplet increased throughout the droplet lifetime as the composition 
of the droplet varied.  The distribution of molecular weights in the liquid phase shifted to 
higher mean molecular weights and smaller variances as the droplet vaporized.  The 
overall boiling point of the droplet increased as the more volatile components vaporized.  
Figure 5.10 also shows that the droplet never reached an equilibrium temperature, unlike 
single- or multi- component and droplets, an important characteristic of the distillation of 
practical fuels using continuous thermodynamics.  The average temperature of the droplet 
was lower than its surface temperature, with the difference between increased during 
initial heating of the droplet.  The two values converged as the droplet evaporates.  As 
lighter, more volatile components vaporized; the liquid phase was dominated by the 
heavier, less volatile components; therefore, theaverage molecular weight and the 
variance of the distribution both increased continuously as the droplet evaporated.  Since 
lighter components at the droplet surface vaporized faster than heavier components, the 
composition at the surface was different from that inside the droplet.  Diffusion in the 
liquid phase occurred at a finite rate determined by fuel property, state parameters and 
relative velocity with the gas phase.  The predicted droplet life was 0.023 s. 
The difference between the composition at the droplet surface and the average 
composition of the diesel droplet upon 25% and 75% of the fuel mass evaporation is shown 
in Figure 5.12.  As lighter components evaporate, the liquid phase was made up of heavier 
components.  Therefore the distributions shifted rightwards, or, towards higher molecular 
weight, for both surface and mean distributions, at both 25% and 75% droplet mass 
evaporation.  The lighter components on the droplet surface evaporated readily.  On the other 
hand, due to finite diffusion assumptions, the lighter components were being held within the
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Figure 5.12 Surface and average distributions of the droplet upon 0%, 25% and 75% 
evaporation (by mass). 
 
 
droplet lighter mean distributions, as the droplet evaporates.  Therefore, the surface 
distribution remained to the right side of the mean distribution. Moreover, the surface 
distribution has higher mean molecular weight as light components remained as liquid within 
the droplet, they cannot evaporate until they are diffused to the droplet surface.  This explains 
the lower mean molecular weight for the mean distributions.  Meanwhile, the standard 
deviation of the distributions decreased.  The mean of the vapor distribution, shown in Figure 
5.13, increased as the droplet evaporates, while the standard deviation increased, as lighter 
components evaporated faster.  Note that the vapor distribution converged towards the initial 
liquid phase distribution towards the end of the droplet life as expected.  When the droplet 
completely evaporated, the final vapor composition must be identical to the initial liquid 
phase composition. 
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Figure 5.13 Vapor phase distributions of the droplet upon 25%, 75% and 98% 
evaporation (by mass) of the droplet. 
 
 
  
Figure 5.14 Variation of the parameters of the probability distribution function of a 50 
m diesel fuel droplet in quiescent air at 750 K and 1 atm. 
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Figure 5.15 Variation of surface molar fuel fraction of a 50 m diesel fuel droplet in 
quiescent air at 750 K and 1 atm. 
 
The variation of distribution parameters and vapor phase surface fuel fraction 
are shown in Figures 5.14 and 5.15.  As the droplet evaporated, both mean and 
surface molecular weight increased, as light components were the first to evaporate.  
The average mean predicted by the model was lower than surface values.  The 
difference between the two values increased during droplet heat-up, and converged 
towards the end the droplet life.  The standard deviation of liquid composition 
decreased through its lifetime, consistent with the narrowing distribution observed in 
Figure 5.12.  The mean molecular weight of the vapor phase increased and converged 
towards the initial liquid phase distribution as expected since the vapor phase 
composition as identical to the initial liquid phase composition once the droplet 
completely evaporated.  The surface fuel vapor fraction increased rapidly initially 
during initial heat up process, then became steady and eventually decreased. 
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5.6.5 Comparison of Single and Continuous Representations of Fuel 
Fractions 
Calculations were made for diesel droplets moving at 50 m/s into quiescent air 
at 900 K and 1 atm, with results comparing to pure dodecane droplet (C12H26), often 
used to represent diesel fuel in engine simulations, using single component 
representation of identical size moving at 50 m/s into ambient air of identical 
conditions.  The variations of droplet temperature for diesel and dodecane droplets are 
shown in Figures 5.16 and 5.17, respectively.  The liquid phase surface and mean 
temperature, predicted by the proposed model, increased throughout the droplet 
lifetime as in the case of stationary droplet.  The boiling point also increased 
throughout droplet lifetime as lighter and more volatile components evaporated faster 
than heavier and less volatile components in the droplet.  Note that the droplet never 
reached an equilibrium temperature during its lifetime.  On the other hand, for the 
pure dodecane droplet, the boiling point was constant (486 K), and the droplet 
reached an equilibrium temperature of 448 K after the initial heating up process.  
Figure 5.18 shows that the proposed model predicted the lifetime of the dodecane 
droplet to be 4.5 ms, compared to 6 ms of the diesel droplet.  The droplet size history, 
shown in Figure 5.19, indicated faster evaporation of the dodecane droplet.  The 
variations of the mean and standard deviation of the droplets are shown in Figure 
5.20.  The liquid phase values for diesel droplet increased as the droplet evaporated 
due to preferential evaporation of lighter components.  The vapor phase mean 
increased and converged towards the initial liquid phase at the end of the droplet life.  
Note that the mean value for both liquid and vapor phase remained constant 
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Figure 5.16 Liquid surface temperature and boiling point for a 35 m diesel fuel 
droplet moving at 50 cm/s in air at 900 K and 1 atm. 
 
 
  
Figure 5.17 Liquid surface temperature and boiling point for a 35 m n-dodecane fuel 
droplet moving at 50 cm/s in air at 900 K and 1 atm. 
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Figure 5.18 Mass fraction evaporated for a 35 m droplet moving at 50 cm/s in air at 
900 K and 1 atm. 
 
 
  
Figure 5.19 Normalized surface area for a 35 m droplet moving at 50 cm/s in air at 
900 K and 1 atm. 
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Figure 5.20 Variation of the parameters of the probability distribution function for a 35 
m diesel droplet moving at 50 cm/s in air at 900 K and 1 atm. 
 
throughout the droplet lifetime for the n-dodecane droplet.  These results showed that 
the choice of fuel model could have a significant impact in engine calculations; in 
particular inhomogeneous fuel-vapor composition could affect the ignition delay, 
combustion quality and pollutant formation. 
The evaporation behavior of a 75% diesel – 25% n-butanol (by mass) droplet  
of 50 μm diameter evaporating in atmosphere of 800 K and 101 kPa was also calculated by 
the proposed model.  The results were then compared with the predictions of an identical 
droplet composed of 75% tetradecane (C14H30) – 25% n-butanol, using the discrete model by 
Zeng and Lee (2001, 2002).  As before, n-butanol was represented by a narrow distribution 
function with mean of 74 g/mol and standard deviation of 1 g/mol.  The mean and standard 
deviation of the distribution representing diesel are 185 g/mol and 43 g/mol, respectively.  
Tetradecane (C14H30) has been commonly used in engine calculations representing petroleum 
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derived diesel fuel.  The variation of the distribution function parameters for diesel is shown 
in Figure 5.21.  Note that the mean and standard deviation for n-butanol remained at 74 g/mol 
and 1 g/mol throughout the droplet life.  As the droplet evaporated, the surface and volume- 
 
 
Figure 5.21 Variation of probability distribution function parameters for diesel in a 50 
μm diameter 75% diesel – 25% n-butanol (by mass) droplet evaporating in ambient air at 
800 K and 101 kPa. 
 
averaged mean molecular weights both increased.  Because of preferential evaporation, 
lighter (more volatile) components evaporated faster than heavier (less volatile) 
components and thus shifting the distributions towards higher molecular weight.  As in 
the case of pure diesel droplet evaporation, shown in Figure 5.14, the vapor phase 
mean increased and converged towards initial liquid phase value, 185 g/mol, when the 
droplet completely evaporated.  The standard deviation of the liquid phase decreased 
while that in the vapor phase increased as the droplet evaporated and converged to the 
initial vapor phase value of 43 g/mol.  However, unlike pure diesel droplet 
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evaporation, the initial change of the parameters, before 15% of droplet mass 
evaporated, was less obvious than later on, especially the liquid phase mean values.  
Figure 5.22 shows the distribution function of diesel fuel at 25%, 50% and 75% of 
droplet mass evaporation.  The diesel fuel distribution did not overlap with the n- 
butanol distribution used in the calculation.  The liquid phase mean distributions 
always assumed a lower mean value and higher standard deviation, as lighter 
components were retained inside the droplet longer than their counterparts on droplet 
surface, which evaporated readily.   The mean of the vapor phase distributions shifted 
towards higher molar mass as the droplet evaporated.  The vapor phase distribution 
converged towards the initial liquid phase distribution when the droplet completely 
evaporated.  Droplet temperature variation is shown in Figure 5.23 for both diesel-n-
butanol and tetradecane-n-butanol droplets.  After a brief initial heating-up process, a 
weaker secondary heat-up was observed in the diesel-n-butanol droplet.  The droplet 
never reached an equilibrium temperature for the duration of its lifetime.  On the other 
hand, two heating-up stages were observed in the tetradecane-n-butanol droplet.  The 
droplet eventually reached an equilibrium temperature of 487 K.  For references, the 
boiling points for tetradecane and n-butanol are 526 K and 390 K, respectively.  The 
components in the tetratecane-n-butanol evaporate sequentially: n-butanol evaporated 
first followed by tetradecane.  This could be seen from the vapor phase composition at 
droplet surface, shown in Figure 5.24.  Upon 20% of droplet mass evaporation, the 
fuel vapor composed of only n-butanol for the tetradecane-n-butanol droplet.  In 
contrast, for the diesel-n-butanol droplet, diesel fuel made up a decent proportional of 
the fuel vapor at the surface.  The opposite was true right before complete evaporation 
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Figure 5.22a Liquid phase distribution for diesel fuel at 0%, 25%, 50% and 70% of 
droplet mass evaporation. 
 
 
 
Figure 5.22b Vapor phase distribution for diesel fuel at 25%, 50%, 75% and 98% of 
droplet mass evaporation. 
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Figure 5.23 Droplet temperature variation for 50 μm diameter 75% diesel – 25% n-
butanol (by mass) and 75% tetradectane – 25% n-butanol droplets evaporating in ambient 
air at 800 K and 101 kPa. 
 
 
  
Figure 5.24 Vapor phase surface fuel fraction for 50 μm diameter 75% diesel – 25% n-
butanol (by mass) and 75% tetradecane – 25% n-butanol droplets evaporating in ambient 
air at 800 K and 101 kPa. 
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of droplets.  Figure 5.25 shows the fraction of mass evaporated for both droplets.  The 
predicted droplet life was about 14 ms for the diesel-n-butanol droplet, and 13 ms for the 
tetradecane-n-butanol droplet.  The diesel-n-butanol droplet evaporated faster initially, but 
then, the evaporation of tetradecane-n-butanol droplet was faster.  The evaporation rate 
was the same for both droplets during the first 2 ms since evaporation during that time 
was overwhelmingly dominated by n-butanol.  This showed that the representation of 
fuel had a significant effect on the fuel vapor composition and the evaporation behavior 
of fuel droplets.   
 
Figure 5.25 Fraction of droplet mass evaporated for 50 μm diameter 75% diesel – 25% 
n-butanol (by mass) and 75% tetradecane – 25% n-butanol droplets evaporating in 
ambient air at 800 K and 101 kPa. 
 
 
A similar calculation was carried out for a 50 μm gasoline-ethanol droplet composed 
of 75% gasoline and 25% ethanol (by mass), evaporating in ambient air  
of 800 K and 101 kPa.  There were no relative motions between the droplet and ambient air.  
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Gasoline was represented by a gamma distribution with mean and standard deviation of 85 
g/mol and 35.8 g/mol, respectively; the mean and standard deviation for ethanol were 46 
g/mol and 1g/mol, respectively.  The results were compared to the evaporation of a droplet 
composed of 75% octane (C8H18) – 25% ethanol, using the discrete model by Zeng and Lee 
(2001, 2002).  Octane was a common surrogate used for representing gasoline in engine 
calculations.  Figure 5.26 shows the variation of surface and mean droplet temperatures for 
the gasoline-ethanol and octane-ethanol droplets.  Both surface and mean temperatures 
increased throughout droplet lifetime with mean temperature below the surface temperature 
for the gasoline-ethanol droplet due to conductive resistance within the liquid phase.  On the 
other hand, the octane-ethanol droplet reached droplet evaporated faster than the octane-
ethanol droplet until about 80% of droplet mass an equilibrium temperature of 384 K after 
the initial heating-up stage.  Note that the boiling point of pure octane is 399 K.  The 
 
Figure 5.26 Droplet temperature variations for 50 μm diameter 75% gasoline – 25% 
ethanol (by mass) and 75% octane – 25% ethanol droplets evaporating in ambient air at 
800 K and 101 kPa. 
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Figure 5.27 Fraction of droplet mass evaporated for 50 μm diameter 75% gasoline – 
25% ethanol (by mass) and 75% octane – 25% ethanol droplets evaporating in ambient 
air at 800 K and 101 kPa. 
 
 
predicted droplet lifetime was 10.68 ms for the gasoline-ethanol droplet and 10.45 ms 
for the octane-ethanol droplet.  Although the predicted lifetime for both droplets was 
similar, in oppose to the previous comparison between the diesel and dodecane 
droplets, the evaporation behavior for the two droplets are very different, as seen in 
Figure 5.27.  The gasoline-ethanol evaporated.  The normalized surface area, shown in 
Figure 5.28, of the gasoline-ethanol droplet reduced in a linear manner, while a two-
stage process was observed for the octane-ethanol droplet.  Vapor phase surface fuel 
fraction is shown in Figure 5.29.  For the octane-ethanol droplet, the two components 
evaporated in a sequential manner: initially the vapor consisted mostly of ethanol, with 
octane evaporating after the depletion of ethanol from droplet surface.  On the other 
hand, for the gasoline-ethanol droplet, both gasoline and ethanol evaporated 
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Figure 5.28 Droplet surface regression for 50 μm diameter 75% gasoline – 25% 
ethanol (by mass) and 75% octane – 25% ethanol droplets evaporating in quiescent 
ambient air at 800 K and 101 kPa. 
 
 
 
Figure 5.29 Vapor phase surface fuel fraction for 50 μm diameter 75% gasoline – 25% 
ethanol (by mass) and 75% octane – 25% ethanol droplets evaporating in quiescent 
ambient air at 800 K and 101 kPa. 
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simultaneously from the start of droplet evaporation, and the depletion of ethanol on 
droplet surface occurred at 50% of droplet mass evaporation versus 30% of droplet 
mass evaporation in the octane-ethanol droplet.  There was no obvious droplet heating-
up stage throughout the droplet lifetime for thegasoline-ethanol droplet, unlike the 
octane-ethanol droplet, where a heating-up period was observed after the depletion of 
ethanol from droplet surface.  The variations of the mean and standard deviation for 
gasoline-ethanol droplet are shown in Figure 5.30.  The liquid phase values for gasoline 
droplet increased as the droplet evaporated due to preferential evaporation of lighter 
components.  As droplet evaporated, liquid phase was composed of less volatile 
(heavier) components.  The vapor phase mean and standard deviation increased and 
converged towards the initial liquid phase at the end of the droplet life.  The variations 
of distribution parameters for ethanol remained constant with mean (for both liquid and 
vapor phases) equaled to 46 g/mol and standard deviation of 1 g/mol.  Figure 5.31 
shows the evolution of probability distribution function for gasoline at 25%, 50%, 75% 
and 98% of droplet mass evaporation.  In contrast to the diesel-n-butanol case, the 
lower end of the distribution function for gasoline overlapped with the ethanol 
distribution until 50% of droplet mass evaporated.  The liquid phase distribution shifted 
towards higher molecular weight as droplet evaporated, with mean distribution 
remained to the left hand side of the surface distribution.  Because of finite diffusion 
rate, lighter components in gasoline were retained within the liquid phase while those at 
droplet surface readily evaporated, explaining the lower mean values.  The vapor phase 
distribution also shifting towards higher molecular weight as droplet evaporated and 
converging towards the initial liquid phase distribution.   
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Figure 5.30 Variation of probability distribution function parameters for gasoline in a 
50 μm diameter 75% gasoline – 25% ethanol (by mass) droplet evaporating in ambient 
air at 800 K and 101 kPa. 
 
 
 
Figure 5.31a  Surface and average distributions of the droplet upon 0%, 25%, 50% and 
75% evaporation (by mass). 
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Figure 5.31b Vapor phase distributions of the droplet upon 0%, 25%, 50%, 75% and 
98% evaporation (by mass). 
 
5.6.6 The Evaporation of Mixtures of Distributed Components  
The evaporation of 50 μm gasoline-kerosene and diesel-kerosene droplets 
vaporizing in quiescent ambient air of 1000 K and 405 kPa were simulated.  Each 
component constitutes 50% by mole in the mixture.  Table 5.1 lists the parameters of the 
probability distribution function for each of the fuel.  The probability distributions for the 
three fuels are depicted in Figure 5.32.  The distributions for kerosene and diesel overlap 
with each other, except the spread of the kerosene distribution was smaller.  The 
distribution of gasoline did not overlap with the other fuels except the tail part. 
Figure 5.33 shows the temperature variations of the droplets.  The mean temperature 
was lower than the surface temperature, especially during initial heat-up of the droplet, but 
the two values converged as the droplets evaporate.  The temperature rise of the diesel-
kerosene droplet was much sharper than the diesel-kerosene droplet, most likely due to 
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higher volatility of gasoline.  The predicted lifetime for the diesel-kerosene droplet was 13.4 
ms, and, for the gasoline-droplet 11.4 ms.  The variations of the mean of the probability 
distribution functions for diesel, gasoline and kerosene are shown in Figures 5.34 and 5.35 for 
the diesel-kerosene and gasoline-kerosene droplets, respectively.  As in the other calculations 
shown earlier, the liquid phase mean of the distribution functions increased as the droplets 
evaporated.  The vapor phase means also increased during the evaporation process and 
converged towards the initial liquid values at complete evaporation of the droplet. 
 
Table 5.1 Probability distribution function parameters for gasoline, diesel and kerosene. 
Fuel 
Mean 
[g/mol] 
Standard Deviation 
[g/mol] 
Source 
Gasoline 85.5 35.8 Tamim and Hallett 
(1995) Diesel 185 43 
Kerosene 176.25 24.93 Lipper et al. (2000) 
 
 
Figure 5.32 The probability distributions of diesel, gasoline and kerosene. 
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Figure 5.33a Temperature variation of a 50 μm 50% diesel – 50% kerosene (by mole) 
droplet evaporating in quiescent ambient air at 1000 K and 405 kPa. 
 
 
  
Figure 5.33b Temperature variation of a 50 μm 50% gasoline – 50% kerosene (by mole) 
droplet evaporating in quiescent ambient air at 1000 K and 405 kPa. 
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Figure 5.34a Mean of probability distribution function for diesel in the 50% diesel – 
50% kerosene (by mole) droplet evaporating in quiescent ambient air at 1000 K and 405 
kPa. 
 
 
 
Figure 5.34b Mean of probability distribution function for kerosene in the 50% diesel – 
50% kerosene (by mole) droplet evaporating in quiescent ambient air at 1000 K and 405 
kPa. 
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Figure 5.35a Mean of probability distribution function for gasoline in the 50% gasoline 
– 50% kerosene (by mole) droplet evaporating in quiescent ambient air at 1000 K and 
405 kPa. 
 
 
 
Figure 5.35b Mean of probability distribution function for kerosene in the 50% gasoline 
– 50% kerosene (by mole) droplet evaporating in quiescent ambient air at 1000 K and 
405 kPa. 
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The liquid phase and vapor phase fuel compositions at droplet surface for the 
diesel-kerosene droplet are shown in Figure 5.36.  The fraction of kerosene continuously 
reduced for the duration of droplet life, while the opposite was true for diesel fraction. 
Towards the end of droplet lifetime, the droplet was almost a pure diesel droplet.  The 
fuel vapor on droplet surface was almost equimolar initially, until about 10% of droplet 
mass evaporation.  Then, the vapor phase was slight dominated by kerosene vapor, until 
about 75% of droplet mass evaporation.  The fraction of kerosene in the vapor phase 
continuously reduced till the end of droplet life, when the vapor on droplet surface was 
about pure diesel.  Note that the 75% droplet evaporation corresponded to the start of 
depletion of kerosene in the liquid phase.  Figure 5.37 shows the liquid phase 
distributions at 25%, 50%, 75% and 98% droplet mass evaporation for the diesel-
kerosene droplet.  The distributions were shifting towards higher molecular mass as seen 
in Figure 5.34.  However, the shift was more obvious for diesel distribution.  At the 
beginning of evaporation, the lightest components in both diesel and kerosene constituted 
the most volatile components in the mixture.  As the droplet evaporated, the diesel 
distribution was shifting much faster than the kerosene distribution.  By the instant  
of 25% droplet mass evaporation, the peak of the diesel distribution was to the right of 
the kerosene distribution.  The lightest components in the droplet mixture were now 
dominating by kerosene.  This explained the faster evaporation of kerosene between 10% 
and 75% of droplet mass evaporation, observed in Figure 5.36.  After 75% of droplet 
mass evaporation, although kerosene remained the most volatile component in the 
mixture, the fraction of diesel in the vapor phase increased due to the depletion of 
kerosene in the liquid phase because of the faster evaporation of the latter. 
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Figure 5.36a Liquid phase fuel composition at droplet surface for a diesel-kerosene 
droplet evaporating in quiescent ambient air at 1000 K and 405 kPa. 
 
 
 
 
Figure 5.36b Vapor phase fuel composition at droplet surface for a diesel-kerosene 
droplet evaporating in quiescent ambient air at 1000 K and 405 kPa. 
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 (a) (b) 
   
 (c) (d) 
Figure 5.37 Liquid phase probability distributions for diesel-kerosene droplet at (a) 
25%, (b) 50%, (c) 75% and (d) 98% of droplet mass evaporation. 
  
The liquid phase and vapor phase fuel composition for the gasoline-kerosene 
droplet are depicted in Figure 5.38.  Unlike the diesel-kerosene droplet, fuel vapor 
mainly composed of gasoline initially.  From Figure 5.32, gasoline was more volatile 
than kerosene.  From Figure 5.39, showing the liquid phase distributions of gasoline 
and kerosene, showed that the gasoline distribution shifting much faster than its 
counterparts.  The liquid phase gasoline composition at droplet surface steadily 
decreased for the duration of droplet life.  By the time when 30% of droplet mass 
evaporation, most of gasoline has evaporated and the droplet consisted 90% of 
kerosene.  Gasoline was effectively depleted at about 50% of droplet mass 
evaporation.  Note that at 75% of droplet mass evaporation, the gasoline distribution 
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Figure 5.38a Liquid phase fuel composition at droplet surface for a gasoline-kerosene 
droplet evaporating in quiescent ambient air at 1000 K and 405 kPa. 
 
 
 
Figure 5.38b Vapor phase fuel composition at droplet surface for a gasoline-kerosene 
droplet evaporating in quiescent ambient air at 1000 K and 405 kPa. 
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 (a) (b) 
  
 (c) (d) 
Figure 5.39 Liquid phase probability distributions for gasoline-kerosene droplet at (a) 
25%, (b) 50%, (c) 75% and (d) 98% of droplet mass evaporation. 
 
overlapped with the kerosene distribution.  The mean of the gasoline distribution 
surpassed that of kerosene right before complete evaporation of the droplet.  The fuel 
vapor remained almost purely kerosene due to the liquid composition at the times.   
This showed the interactions and effects of overlapping distribution functions on the 
evaporation process.   
The above results could be extended for hypothesizing the evaporation 
behavior of a diesel-biodiesel droplet.  Petroleum-based diesel fuel was generally 
represented by distribution with mean and standard distribution of 185 g/mol and 43 
g/mol, respectively.  The equivalent fuel molecules for biodiesel from various sources 
are tabulated in Table 1.1.  The molecular weight of the equivalent molecules ranges 
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from 280 g/mol to 323 g/mol, which were much higher than the molecular weight of 
diesel fuel.  The situation would very similar to the evaporation of gasoline-kerosene 
droplet.  Figure 5.40 depicts the hypothesized situation, which was similar to the 
gasoline-kerosene evaporation shown in Figure 5.32.  It could be expected, from the 
figure, that initial fuel vapor would compose mainly of diesel fuel.  Diesel would 
deplete in the liquid phase rapidly because of its faster evaporation.  Towards the end 
of droplet life, both liquid and vapor phases would compose mainly biodiesel.  Figure 
5.41 shows the predicted fuel vapor composition at droplet surface for a 50 μm 
droplet of 80% diesel– 20% biodiesel evaporating at ambience of 1000 K and 405 
kPa.  The mean and standard deviation for soybean biodiesel
8
 were 295 g/mol and 45 
g/mol, respectively.  Properties were estimated by the correlations for alkanes.  The 
estimated properties were scaled at 295 g/mol in order to match the values for 
soybean biodiesel (Yuan, 2005).  As expected, fuel vapor was dominated by diesel for 
most of the droplet lifetime.  Biodiesel vapor makes up 10% of the total fuel vapor at 
80% of droplet mass evaporation.  This indeed explained the observations in Figure 
3.11a and 3.11b, the amount of diesel vapor increased with higher injection mass, but 
the amount of biodiesel remained about the same.  Only the lightest components in 
biodiesel were evaporating at that instant would be the most logical explanation to the 
situation.  The hypothesis also explains the non-responsiveness of biodiesel fraction 
in the ignition of blended fuel in Chapter 4.3.2.  Due to the fact that initial fuel vapor 
composed of mainly diesel fuel, the ignition process for the blended fuel was thus 
determined and controlled by diesel.  Therefore, the ignition delay for the blended 
fuels was similar to that of pure diesel.   
                                                 
8
 The equivalent molecule of biodiesel is adopted as C19H35O2 (Yuan, 2005). 
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Figure 5.40 The probability distributions of diesel and hypothesized distribution of 
biodiesel.  The mean of the hypothesized distribution is 290 g/mol. The effect of standard 
deviations (σ) on the interactions with diesel distribution is shown. 
 
 
 
Figure 5.41 The vapor phase molar composition at droplet surface for a 50 μm droplet 
of 80% diesel – 20% biodiesel evaporating at ambience of 1000 K and 405 kPa.   
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5.7 Droplet Evaporation at Elevated Pressure 
 5.7.1 Comparison with Experimental Measurements 
The evaporation of a kerosene droplet vaporizing at ambient condition identical to 
those in Hiroyasu et al. (1976) was simulated with the proposed model with the data 
compared to experimental measurements.  Initial droplet size was 725 μm and ambient 
air is at 573 K and 30 atm.  Droplet size was measured in the experiment using a video 
recording of a droplet suspended from a quartz wire.  The regression of droplet surface 
area is shown in Figure 5.42.  The numerical model predicted the initial increase of 
droplet size during heating-up and surface regression of the droplet was also correctly 
estimated, albeit with some discrepancies.  Thermal radiative heat transfer was an 
important phenomenon and its effect(s) was included in the calculation by the 
correlations in Lippert et al. (1999).  The discrepancies between numerical results and 
experimental measurements were likely a very likely a consequence of uncertainties 
and/or fluctuations in measurements and cycle variations in the measurements.  The 
droplet surface area reduces in a non-linear manner after the initial heat-up process.  The 
maximum percentage increase in droplet surface during initial heat-up was about 6%.  
Thermal conduction during the heat-up stage caused thermal expansion in the droplet and 
the droplet size was the net difference between the thermal expansion and evaporation.  
Moreover, both high pressure real gas effects and multi-component effects might also 
contribute to this observation.  In order to verify the code for multi-component 
calculations, the calculation was repeated by considering the liquid as a pseudo-mixture
9
 
of two identical components.  Different compositions are considered: 50%/50%, 
                                                 
9
 See Section 5.6.1. 
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60%/40%, 70%/30%, 80%/20% and 90%/10%.  The predicted droplet size variations for 
each of these cases were identical to each other and also identical to the one-component 
results, verifying the accuracy of the computational code for multiple distribution 
calculations. 
 
 
 Figure 5.42 Variation of droplet surface area of a kerosene droplet evaporating in 
ambient air of 573 K and 30 atm.  Experimental data are adopted from Hiroyasu et al. 
(1976). 
 
A similar calculation was done for the evaporation of a 50% hexadecane (C16H34) – 
50%  heptane (C7H16) droplet with initial diameter of 1285 μm, evaporating in ambient air at 
823 K and 2500 kPa, the results were compared to those published in Ghassemi et al.. 
(2006a).  The droplet under study was suspended from a quartz fiber and subject to hot 
ambience by a free-falling furnace, which was enclosed in a high-pressure chamber.  A high-
speed CCD camera was used to observe the vaporization process.  The authors reported the 
uncertainty in the measurement as ±0.05 mm.  However, this did not include the uncertainty 
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came from the precise determination of the liquid-vapor boundary in high temperature and 
high pressure ambiences, which was minimized by applying least square regression on the 
instantaneously measured droplet diameter.  Note that multi-component droplet evaporation 
data at elevated pressure were scarce in the literature.  The boiling point of heptane and 
hexadecane were 371 K and 560 K, respectively.  Figure 5.43 shows the variations of 
predicted and measured (Ghaassemi et al., 2006a) droplet surface area.  The proposed model 
predicted the expansion in the initial heat-up correctly.  The evaporation consisted of three 
stages: an initial rapid reduction of droplet radius before 1.5 second, due to evaporation of 
heptane, the more volatile species in the mixture.  Upon heating-up of the droplet, the surface 
temperature rose above the boiling point of heptane, which caused the component close to 
droplet surface to evaporate.  This caused the droplet to shrink.  At this point, hexadecane, the 
less volatile component, has not yet reached its boiling point.  From 1.5 second to about 3 
second, the rate of droplet regression reduced.  The droplet temperature remained below the 
boiling point of hexadecane during this period.  Meanwhile, all heptane close to droplet 
surface has evaporated completely.  Due to finite diffusion rate, the depletion of heptane on 
droplet surface was not compensated by the same species inside the droplet.  Therefore, the 
overall evaporation rate reduced, so was the rate of surface regression of the droplet.  From 3 
second onwards, the droplet temperature already reached the boiling point of hexadecane, 
therefore, the hexadecane-heptane mixture evaporated in a similar manner as in the first 
stage, notwithstanding with a different liquid phase composition. 
The proposed model showed satisfactory accuracy in predicting droplet 
evaporation for both single and multiple components (distributions).  This verified the 
general applicability of the model for multi-component droplet evaporation calculations. 
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Figure 5.43 Variation of droplet surface area of a 50% hexadecane – 50% heptane 
droplet evaporating in ambient air of 823 K and 2.5 MPa.  Experimental data are adopted 
from Ghassemi et al. (2006). 
  
 
5.7.2 Single Droplet Evaporation at Elevated Ambient Pressure 
 The effect of ambient pressure on the evaporation of diesel-n-butanol droplets 
was studied using the proposed model.  Droplets composed of 90% diesel – 10% n-
butanol (by mass) with initial diameter of 80 μm and temperature of 300 K was 
studied.  The temperature of ambience was either 750 K or 1000 K, three pressures 
were considered: reduced pressure
10
 of 0.25, 1 and 3.  Figure 5.44 shows the change 
in droplet surface temperature.  The droplet never reached an equilibrium 
temperature; instead, droplet temperature increased throughout its lifetime, just as in 
the case of evaporation at low ambient pressure, due to faster evaporation of more 
volatile components.  Just as in low pressure evaporation, as lighter components in 
                                                 
10
 Based on critical pressure of n-dodecane (C12H26), which is 1820 kPa (Poling et al., 2001). 
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Figure 5.44a Droplet surface temperature of a 80 μm diameter droplet, composed of 
90% diesel – 10% n-butanol, evaporating at ambient air of 750 K and reduced pressures 
of 0.25, 1 and 3. 
 
 
 
Figure 5.44b Droplet surface temperature of a 80 μm diameter droplet, composed of 
90% diesel – 10% n-butanol, evaporating at ambient air of 1000 K and reduced pressures 
of 0.25, 1 and 3. 
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the mixture evaporated, the mean molecular weight increased continuously.  The 
droplet lifetime increased pressure at ambient temperature of 750 K but it decreased 
with pressure at ambient temperature of 1000 K.  This was consistent with previously 
published results in the literature (Kim and Sung, 2003; Zhu and Aggarwal, 2000).  At 
low ambient temperature (750 K), as liquid boiling point increased with pressure until 
it reached the critical state.  The initial heat-up period of the droplet lengthened as 
ambient pressure increased.  The transient behavior became more significant for 
droplets evaporating at elevated ambient pressures.  Therefore, the equilibrium vapor 
concentration at droplet surface reduced, resulting in a slower evaporation rate.  As a 
consequence, the droplet lifetime was lengthened at lower ambient temperature.  In 
contrast, for droplet at high ambient temperature (1000 K), the droplet reached a 
higher temperature, resulting in lower latent heat of evaporation.  The latent heat 
continuously decreased as the droplet temperature continuous increased throughout its 
lifetime, until the critical point was reached, when it equaled to zero.  Therefore, at 
high ambient temperature, droplet lifetime reduced as ambient pressures rose.  
Droplet temperature rose rapidly at about 2.5 seconds with high ambient temperature 
of 1000 K, but this did not occur at low ambient temperature of 700 K. 
The variation of droplet radius was shown in Figure 5.45.  At low ambient 
temperature of 750 K, the evaporation rate increased as ambient increases, resulting in 
shorter droplet lifetime.  The predicted droplet lifetimes were 0.0533, 0.0516 and 
0.0468 s for reduced pressures of 0.25, 1 and 3.  However, for droplets at high 
ambient temperature of 1000 K, the initial effect of pressure was the same as those at 
low ambient temperature: higher ambient pressure reduced the evaporation rate.  
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Figure 5.45a Droplet surface temperature of a 80 μm diameter droplet, composed of 
90% diesel – 10% n-butanol, evaporating at ambient air of 750 K and reduced pressures 
of 0.25, 1 and 3. 
 
 
 
 
Figure 5.45b Droplet surface temperature of a 80 μm diameter droplet, composed of 
90% diesel – 10% n-butanol, evaporating at ambient air of 1000 K and reduced pressures 
of 0.25, 1 and 3. 
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However, this trend was reverted at a later stage, once the droplet temperature 
reached at an elevated level.  At about 2.5 s, the droplet temperature increased 
noticeably, especially at high ambient pressure, this greatly reduced latent heat for 
evaporation.  Thus, the evaporation rate increased as ambient pressure increased.  
This results in shorter droplet lifetime for droplets vaporizing at higher ambient 
pressure.  The predicted droplet lifetimes were 0.0315, 0.0290 and 0.0285 s, 
respectively for reduced pressure of 0.25, 1 and 3. 
Figure 5.46 shows the variations of surface mean and standard deviation for 
diesel distribution function.  Being a pure species, n-butanol, was represented by a 
narrow distribution function with mean equaled 74 g/mol and standard deviation  
of 1 g/mol.  These values remained constant for n-butanol throughout the droplet 
lifetime.  As in the case of low pressure droplet evaporation, the mean molecular 
weight on droplet surface increased, while the standard deviation reduced 
continuously for the life span of the droplet.  The standard deviation at lower ambient 
pressure always lower than that at higher ambient pressure, since initial rate of 
vaporization was always higher at lower ambient pressure.  The initial variations of 
the means were less profound than the low pressure evaporation cases, due to the 
longer initial heat-up of the droplet.  However, at a later instant, the change of mean 
values was much faster for droplets evaporating at higher ambient temperature and 
pressure, because of faster evaporation as aforementioned.  
The total fuel fraction at droplet surface was shown in Figures 5.47 for the droplet 
evaporating at ambient air of 1000 K.  The surface fuel fraction at reduced pressure of 
0.25 remains almost unity during the droplet lifetime and it was not shown in the 
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Figure 5.46a Changes of Surface mean and standard deviation of a 80 μm diameter 
droplet, composed of 90% diesel – 10% n-butanol, evaporating at ambient air of 750 K 
and reduced pressures of 0.25, 1 and 3. 
 
 
 
 
Figure 5.46b Changes of surface mean and standard deviation of a 80 μm diameter 
droplet, composed of 90% diesel – 10% n-butanol, evaporating at ambient air of 750 K 
and reduced pressures of 0.25, 1 and 3.  
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Figure 5.47 Droplet surface fuel fractions of a 80 μm diameter droplet, composed of 
90% diesel – 10% n-butanol, evaporating at ambient air of 1000 K and reduced pressures 
of 0.25, 1 and 3.  Note that surface fuel fraction at reduced pressure of 0.25 remains about 
unity during droplet lifetime and is not shown for clarity. 
 
 
 
 
figure for clarity.  As seen in Figure 5.47, when ambient pressure was increased, surface 
fuel fraction reduces, implying higher quantity of air was found at droplet surface.  
Comparing the results from the proposed model and infinite diffusion model, the 
currentmodel predicted higher solubility at the beginning of droplet life than the infinite 
diffusion solution, but the trend reversed itself later on.  From Figure 5.46b, the mean 
molecular weight increased continuously as the droplet vaporized, thus, the critical 
pressure decreased continuously throughout the process.  This implied the reduced 
pressure increased during the evaporation process.  Meanwhile, droplet surface 
temperature also increased due to heating.  The combined effect was higher gaseous 
solubility in the solution.  The equilibrium fuel fraction reduced continuous during the 
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droplet‟s life span.  With the finite diffusion assumption in the proposed model, the 
lighter components were retained in the liquid phase longer than the infinite diffusion 
model.  Consequently, the solubility computed by the current model was higher than that 
using the infinite diffusion assumption, and therefore, lower surface equilibrium fuel 
fraction.  As the droplet evaporated, the lighter components in the mixture depleting at a 
faster speed in the infinite diffusion calculation, therefore, the critical pressure reduced 
faster than in the finite diffusion calculation.  Remember that, the lighter components 
inside the droplet must be diffused to the droplet surface before it can evaporate.  This 
explained the reversion in the predicted gas solubility by the two models.  Gas solubility 
can augment the liquid properties.  It should be noted that the proposed model assumed 
gas absorption occurred only in the surface of the droplet.  The fraction of  
n-butanol (liquid phase) at droplet surface was shown in Figure 5.48.  Elevating ambient 
pressure slowed the evaporation of n-butanol, this was most likely due to the higher 
boiling point at increased pressure level.  The infinite diffusion model predicted a higher 
level of n-butanol at droplet surface, just as in the low-pressure evaporation shown in 
Figure 5.7b.  With the finite diffusion assumption, n-butanol inside the droplet could not 
reach droplet surface immediately to replenish the loss of n-butanol on droplet surface 
due to evaporation.  The effect of finite diffusion increased with ambient pressure.  This 
was most likely attributable to higher gas solubility at elevated ambient pressure. 
This shows that for droplet evaporating at elevated pressure, real gas effect can no 
longer be neglected as in the low-pressure case.  As a consequence, the Raoult‟s law is 
inadequate for droplets evaporating in high-pressure ambiences, such as those typically 
seen in diesel engine.  Comparing to droplet evaporating in low ambient pressure, the rate 
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of evaporation at the beginning of the process is slower due to longer transient heat-up 
process, but much faster towards the end of droplet lifetime because of higher liquid 
temperature that could be attained at elevated pressure. 
 
 
Figure 5.48 Droplet surface n-butanol fractions in the liquid phase of a 80 μm diameter 
droplet, composed of 90% diesel – 10% n-butanol, evaporating at ambient air of 1000 K 
and reduced pressures of 0.25, 1 and 3.   
 
 
5.8 Effects of the Distribution Function Parameters 
The mean, μ¯, and standard deviation, ζ, that characterize the probability distribution 
function are the most important parameters in the proposed model.  These parameters control 
the shape of the distribution function, which in turns characterize the composition of the 
liquid mixture that the distribution is representing.  It was shown in previous section that the 
composition of the liquid mixture affects the evaporation behavior.  Therefore, the 
responsiveness of the proposed model with these parameters is of interest. 
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 A set of calculations was completed for a 725 μm  kerosene droplet evaporation at 
ambience of 573 K and 30 atm (see Section 5.7.1 for details) was conducted in order to study 
the effects of mean and standard deviation on the predicted evaporation behavior by 
imposing a 10% perturbation to the mean and standard deviation.  Table 5.2 shows the 
distribution functions used in this calculation.  Kerosene was represented using a distribution 
with mean and standard deviation of 176.25 g/mol and 24.93 g/mol, respectively.  
 
Table 5.2 Probability distribution function parameters for gasoline, diesel and 
kerosene. 
Distribution 
Mean 
[g/mol] 
Standard Deviation 
[g/mol] 
I (Baseline) 176.25 24.93 
II 193.88 24.93 
III 158.63 24.93 
IV 176.25 27.42 
V 176.25 22.44 
 
 
 Figure 5.49 shows the predicted droplet surface area for all the cases, compared to the 
experimental measurement by Hiroyasu et al. (1976).  The figures showed that the mean of 
the distribution function had a much stronger effect on the prediction and the standard 
deviation.  From Figure 5.49a, the predicted evaporation rate of Distributions II  and III 
deviated from the baseline condition (Distribution I) from about 2 second onwards.  The 
predicted droplet lifetime for Distributions I, II and III are 14.3 s, 18.8 s and 11.0 s, 
respectively.  On the other hand, as shown in Figure 5.49b, perturbing the standard deviation 
of the distribution function had only minor effects on the predicted evaporation behavior.  
The predicted droplet surface area deviated from each other towards the end of droplet 
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Figure 5.49a The effects of mean on the predicted droplet surface area of a kerosene 
droplet evaporating in ambient air of 573 K and 30 atm.  The standard deviation is 24.93 
g/mol for all the calculations shown.  Experimental data are adopted from Hiroyasu et al. 
(1976). 
 
 
Figure 5.49b The effects of standard deviation on the predicted droplet surface area of a 
kerosene droplet evaporating in ambient air of 573 K and 30 atm.  The mean is 176.25 g/mol 
for all the calculations shown.  Experimental data are adopted from Hiroyasu et al. (1976). 
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lifetime.  The predicted droplet lifetime for Distributions I, IV and V are 14.3 s, 14.8 s and 
13.9 s, respectively.  Figure 5.50 shows the distribution functions tabulated in Table 5.2.  The 
probability distribution and its peak shifted as the mean changes.  Since the distribution 
function represented the composition of the liquid mixture, a shift in the distribution implied 
a major change among the constituting components.  In other words, a distribution with 
higher mean implied the mixture was mainly made of less volatile compounds (higher molar 
mass) and vice versa.  This explained the significant deviation of predicted evaporation rate 
shown in Figure 5.49a.  On the other hand, as shown in Figure 5.50b, when the standard 
deviation varied the peak value of the distribution function changed but it mean remained at 
176.25 g/mol.  Thus, changing the standard deviation implied a re-shuffle of the fraction 
among the components within the mixture.  The bulk of the liquid mixture still consists of 
compounds with molecular weight in the range of 150 g/mol to 180 g/mol.  As a 
consequence, the volatility of the liquid mixture remains approximately constant.  The 
slight differences in droplet lifetime are due to the different fractions of heaviest 
components in the mixture representing by the right hand tail end of the distribution 
functions. 
This shows that the model is sensitive to the mean of the distribution function.  
Using a distribution function of an incorrect mean can result in incorrect prediction of 
the droplet evaporation process.  
 
5.9 An Application in Multi-Dimensional Engine Spray Simulations 
The proposed droplet evaporation model was incorporated into KIVA in order to 
demonstrate its applicability in multi-dimensional engine simulations.  A 90% gasoline
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Figure 5.50a Gamma-distribution with standard deviation of 24.93 g/mol and mean  
of 158.63 g/mol, 176.25 g/mol and 193.88 g/mol. 
  
 
 
Figure 5.50b Gamma-distribution with mean of 176.25 g/mol and standard deviation of 
22.44 g/mol, 24.93 g.mol and 27.42 g/mol. 
 
 205 
– 10% ethanol blend spray in ambience of 500 K and 500 kPa, typical for spark ignition 
engine, was simulated using KIVA with the proposed model.  The result was then 
compared to a 90% isooctane – 10% ethanol spray using KIVA with a discrete multi-
component droplet evaporation model (Zeng and Lee, 2000, 2001, 2002).  The initial 
droplet velocity was 45 m/s.  Initial droplet size was 30 μm.  A total of 1.25 mg of fuel 
was injected over 0.075 ms.  The initial spray cone angle was 85° with cone thickness 
of 10°.  In the simulation, the fuel spray was replicated by injecting 6000 droplet 
parcels.  Figure 5.51 shows the droplet position for both gasoline-ethanol and 
isooctane-ethanol sprays at 0.8 ms, 1.2 ms and 2.4 ms from the beginning of spray.  The 
gasoline-ethanol and the isooctane-ethanol spray was the shattering of droplets at the 
tip of the spray.  It was also noted that there were more small droplets (blue color) in 
the gasoline-ethanol spray, in particular in the center core region of the spray, than the 
isooctane-ethanol spray.  The pressure in the core region of the spray was lower, and, 
small single-component droplet would deplete readily.  However, multi-component 
(gasoline-ethanol) droplet remained longer than their single-component counterparts, 
due to the existence of heavier components in the mixture, because of the existence of 
heavier components in the mixture.    As shown in previous sections, multi-component 
droplets tend to have longer droplet life, which is consistent to the current observation.   
A similar calculation was completed for 90% diesel – 10% n-butanol (by 
mass) spray.  The ambient pressure and temperature were 5000 kPa and 1000 K, 
typical for diesel engine.  The injection velocity was 125 m/s.  The total amount of 
fuel injected was 1.25 mg and the duration of injection was 0.075 ms.  The initial 
spray angle was 150° with cone thickness of 10°.  Initial fuel temperature was 325 K 
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and initial droplet size was 30 μm.  The fuel spray was replicated by injecting 6000 
droplet parcels.  Figure 5.52 shows the predicted droplet position at 0.8 ms, 1.2 ms 
and 2.4 ms.  The computed spray had the typical shape of a diesel spray.  Air was 
entrained into the spray and trapped in the center cone region of the spray.  There 
existed more small droplets in the diesel-n-butanol spray, compared with the gasoline 
(or isooctane) – ethanol spray due to higher injection pressure that enhanced droplet 
breakup. 
These calculations demonstrated the efficiency of the model and the applicability 
of the proposed model in multi-dimensional engine calculations. 
 
 
Gasoline – Ethanol Spray 
    
Isooctane – Ethanol Spray 
    
 0.8 ms 1.2 ms 2.4 ms 
 
Figure 5.51 Predicted droplet positions for gasoline-ethanol spray using the proposed 
model and isooctane-ethanol spray using a discrete droplet evaporation model.  The color 
represents droplet sizes: small droplets are represented by blue color and large droplets 
are represented by red color. 
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Diesel – n-Butanol Spray 
    
 0.8 ms 1.2 ms 2.4 ms 
 
Figure 5.52 Predicted droplet positions for diesel-n-butanol spray using the proposed 
model.  The color represents droplet sizes: small droplets are represented by blue color 
and large droplets are represented by red color. 
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
A numerical study was conducted in order to examine the combustion and 
evaporation of biofuels and blends.  The operations of a small-bore high-speed direct 
injection engine with diesel, biodiesel and blends of the two fuels were simulated using a 
modified version of KIVA.  It was concluded that NOx emission could be reduced by 
extending the duration between the injections.  Spray angle affected flow patterns within 
the cylinder and engine-out emissions.  Any strategies that would push soot into regions 
with abundant oxygen supply would help, effectively, in soot emissions.  It was found 
that fuel economy could be improved by using a variable cone angle spray, without 
compromising emissions.  A new, effective droplet evaporation model capable of 
multiple distribution functions was developed in this study.  The proposed droplet 
evaporation model reproduced experimental data reasonable well.  The model could 
reproduce the distillation characteristics of multi-component fuels correctly.  An accurate 
representation of the fuel was shown essential in the accurate predictions of the 
evaporation process.  This chapter summarizes the results and provides directions for 
further research. 
 
6.1 Biodiesel Combustion 
Simulations were conducted in order to examine and analyze the effect of 
biodiesel on engine performance and emissions.  Eight simulations were performed using 
the modified version of KIVA, for four different fuel blends: pure European low sulphur 
diesel, 20% of biodiesel blend, 50% biodiesel blend and pure soybean biodiesel, all for 
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400 kPa IMEP engine output.  KIVA predictions for all fuels were then compared with 
experimental measurements.  Important combustion characteristics including ignition 
time, heat release rate and peak combustion pressure for all the cases were accurately 
predicted by the modified version of KIVA.  Indeed, computational predictions almost 
duplicated the experimental data over several cases.  These results showed that biodiesel 
tended to lengthen the ignition delay.  However, the combustion rates for the blends were 
about the same, unlike published comparisons between pure diesel and pure biodiesel, 
where the latter achieved a higher burning rate (Stringer et al., 2008; Chang and Van 
Gerpen, 1997).  Diesel fuel remained a dominating factor over the combustion process of 
the diesel/biodiesel blends.  Since biodiesel was less volatile, it evaporated slower.  It was 
thus expected that the fuel vapor was diesel rich upon ignition.  Therefore, the 
combustion of diesel fuel dominated the ignition and combustion process of the fuel 
blend. 
Temperature distributions within the cylinder were shown to affect the emissions 
levels.  The length of time interval between injections was shown to affect the NOx 
emissions; when the interval was short, high temperature regions existed, promoting the 
formation of NOx.  Lengthening the duration between injections lowered NOx emissions 
because delaying the main injection allowed the cylinder to cool down prior to the main 
injection.  Thus, lowering the combustion temperature could effectively improved NOx 
emission.  In addition, the fraction of the cylinder volume at high temperature (higher 
than 2200 K) and the duration of these regions remaining at elevated temperatures also 
affected the formation of NOx.  If there were regions with sustained high temperature, 
elevated emission levels could be expected.  Both the percentage of cells that reached 
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high temperatures of 2200 K and the length of time that these cells remained at the 
elevated temperatures were shown to affect the formation of NOx.   
Low temperature combustion was achieved with injections scheduled at 330° and 
370°.  By delaying the main injection, the main combustion occurred at an instant when 
the cylinder temperature was lowered, through heat transfer and due to expansion stroke.  
Premixed combustion was also signified by the rapid heat release curve.  It was thus 
possible to run the small-bore high-speed direct injection engine with blends containing 
more biodiesel, an attractive alternative to petroleum based diesel, while both soot  
and NOx were reduced simultaneously.   
Biodiesel HCCI combustion was also studied using KIVA.  A series of 
simulations was performed for both biodiesel and petroleum-based diesel operation of the 
DIATA engine, all with 200 kPa IMEP engine output.  Biodiesel showed a longer 
ignition delay and the peak pressure tended to be lower than diesel fuel.  There was 
evidence from both experimental data and predictions from KIVA that diffusion flame 
existed in the late injection case (363°) for biodiesel, in spite of the fact that the main 
combustion process could be described as HCCI from the single peak heat release rate 
curve. 
KIVA accurately determined NOx emission for both fuel types.  Higher NOx 
emission was observed when fuel injection was scheduled at about top-dead-centre.  
Production of NOx was characterized by rapid initial formation.  It was then frozen as in 
the extended Zel‟dovich model, after reaching a maximum value.  Delaying fuel injection 
could effectively reduce NOx emission.  Injecting the fuel in the later part of the cycle 
postponed the combustion process well into the expansion stroke of the engine cycle.  
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This allowed the fuel vapor-air mixture to be better mixed upon auto-ignition, eliminating 
a high temperature flame.  If combustion extended into the expansion process, the 
cooling ambient temperature due to expansion also helped to inhibit the formation of 
NOx.  Over 90% NOx reduction was observed when the fuel was injected at 363° over 
fuel injection at 335°. 
 
6.2 Effects of Spray Angle 
The effects of spray angle on flow motion within the combustion chamber and 
emissions were also studied with numerical tools.  Specifically, the effects of injection 
angle on the spray dynamics, combustion process and soot emission were studied.  Lower 
injection pressure strengthened spray penetration.  Fuel injections at low injection 
pressure produced larger droplets lengthened the droplet life, this allowed the liquid jet to 
travels further before it fully evaporated.  Thus, longer spray penetration is observed with 
lower injection pressure.  Lower injection pressure also lengthened the ignition delay and 
lowered the peak combustion pressure and peak heat release rate.  Injection angle of 110° 
produced the highest peak combustion pressure (and heat release rate) for diesel fuel.  
Both peak pressure and heat release rate were lowest with the 70° injection angle due to 
stronger impingement within the pistol bowl.  For biodiesel, peak combustion pressure 
and peak heat release rate, with the exception of the 70° injection angle case, tended to be 
lower than diesel.  Unlike diesel combustion, the peak combustion pressure and heat 
releases rate increases as the spray angle narrowed.  It should be noted that the current 
piston bowl design was optimized for a wide angle spray injector.  In order to take full 
advantage of narrow angle injectors, a redesign of the piston bowl was recommended. 
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The study showed that soot located in the squish region was readily oxidized due 
to abundance of oxygen.  Portions of fuel were burnt in the region about the piston bowl 
or squish for both spray angles of 150° and 70°.  Soot located within the piston bowl was 
oxidized at a much slower rate due to deficient of oxygen after combustion. Emission 
was mainly due to soot within in the piston bowl at the end of the combustion cycle.  It 
was concluded that a strategy that pushed soot out of the piston bowl could improve the 
oxidization process, thus, reducing soot emission. Extra oxygen in biodiesel also helped 
in reducing the emissions. 
The operation characteristics of the DIATA engine with varying injection angle 
spray injector were studied.  Six injection schemes were considered, with simulations 
conducted with biodiesel and regular diesel.  The varying cone angle spray injector 
extended the range of injection timings over conventional injectors.  With the latter, very 
early injection was not advised as the fuel was more likely to form a film on the engine 
wall liner.  With variable cone angle spray injection, combustion from the initial injection 
using diesel was always observed.  On the other hand, no combustion was observed for 
the initial injections with conventional injectors.  Initial combustion consists of low 
temperature combustion and the breakdown of the fuel molecules into smaller radicals.  
The hotter ambience generates a more favorable environment for fuel evaporation and 
ignition for the main injection, which improved fuel economy.  Improvements of up to 
10% in thermal efficiency were observed with variable cone angle spray injections.  For 
variable cone spray injection, both NOx and soot emissions were comparable with those 
for conventional injectors.  Note that the operating parameters for the varying injection 
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angle spray injector were not optimized in terms of emissions.  Further efforts are needed 
in this regard to lower the emissions with varying injection angle spray injectors.   
Biodiesel was shown to have a longer ignition delay than regular diesel fuel for 
the initial injection.  Ignition delay for main injection was negligible in all the cases 
studied.  The magnitude of the initial heat release for biodiesel was lower than that of 
diesel.  This was thought to lower the temperature within the combustion chamber upon 
main injection.  As the formation of NOx was sensitive at high temperature, the lower 
temperature upon ignition might have helped to reduce the emission as observed.  Soot 
emissions from biodiesel were generally lower than that from diesel, and this was 
consistent with the general observation that biodiesel could reduce soot emission.  
Diffusion combustion was observed in all the cases considered.  However, biodiesel 
showed faster burning rates and shorter combustion duration.  With better fuel economy 
and lower emissions, further investigation of operating the engine using varying injection 
angle spray injectors and blends of biodiesel can be conducted for possible low-emission 
operations. 
 
6.3 Multi-Component Evaporation: A Continuous Thermodynamics 
Formulation 
Although biodiesel was thought, in general, to increase NOx emission, its effects 
on NOx emission were inconclusive.  The emission could either increase or decrease and 
it seemed it is affected by other factors as well.  It was suspected that this unexpected 
behavior might be related to multi-component vaporization.  Therefore, a more detailed 
study on the multi-component vaporization of diesel-biofuel blend was necessary for 
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better understanding of the mixing process.  A new, comprehensive and computationally 
efficient model for preferential vaporization for droplets using a continuous 
thermodynamics formulation was developed in this study, using an approach similar to 
that of Wang (2004), but is more general and capable of accommodating the application 
of multiple probability distribution functions.  A.  The non-uniformity in the liquid phase 
due to a finite diffusion effect was represented by the difference between the surface and 
mean values.  The set of coupled partial differential equations governing liquid phase 
transport is simplified by applying the linearized theory and was decoupled via an 
eigenvalue transformation from the set of linearized equations.  The resulting system of 
equations could then be solved as a system of uncoupled binary diffusion equations.  
Internal circulation within the droplet was accounted for using an effective thermal/mass 
diffusion coefficient approach.  Surface regression was expressed in terms of an 
enhancement factor, which itself a function of the Péclet number.  High pressure effects 
on the liquid-vapor phase equilibrium were considered by using the Peng-Robinson 
equation of state and high pressure corrections to properties in both liquid and vapor 
phases were also included. 
The proposed model was compared against experimental measurements for 
single, isolated droplets of JP-4, n-decane, kerosene, and, droplets of no. 2 diesel fuel-
ethanol, heptane-decane and heptane-hexadecane mixtures at various pressures.  The 
proposed model predicted the temperature and droplet size variations well.  The present 
model was applied to simulate the evaporation of isolated droplets with composition of 
typical diesel.  Computations showed that the model captured the main distillation 
characteristics of commercial fuels reasonably well.  The results showed that liquid phase 
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model would affect the predicted evaporation behavior of the droplets.  Using a 
continuous representation of diesel, the droplet never reached an equilibrium temperature 
during its lifetime, unlike its single – component counterpart.  Moreover, the liquid phase 
mean composition of the droplet continuously increased due to preferential evaporation 
of lighter components in the mixture which was the most distinctive distillation 
characteristic for practical fuels.  A single-component representation could not reproduce 
the distillation characteristics of practical fuels correctly.  The vapor phase mean 
composition increased and converged towards the initial liquid value as the droplet 
evaporated.  The droplet lifetime using the continuous representation was, in general, 
longer than that using a single-component representation.  This was true in particular for 
a droplet composed of non-volatile compounds.  The representation of fuel could have a 
significant effect on the fuel vapor composition on the droplet surface.  The present 
vaporization model was zero-dimensional with a very low computational cost, while 
maintaining a satisfying level of accuracy and the underlying physics of the evaporation 
process.   
The model was applied to study the evaporation of mixtures of distributed 
components, droplets of a diesel-kerosene mixture and a gasoline-kerosene mixture.  The 
distributions of gasoline and kerosene only overlapped in the tail regions, while the 
distributions of diesel and kerosene completely overlapped each other.  Initially, gasoline 
and diesel contained the most volatile components in the mixture.  The mean and 
standard deviation of the distribution with broader spread shifted much faster than the 
one with narrow spread, in this case, gasoline and diesel.   Upon complete droplet 
evaporation, the kerosene became the most volatile component in the mixture.  The 
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shifting of the distribution functions affected the rate of evaporation and also the vapor 
composition.  While the diesel-kerosene vapor was approximately equimolar initially, 
due to faster evaporation of kerosene, the fuel vapor was almost pure diesel towards the 
end of the droplet life.  On the other hand, the gasoline-kerosene droplet evaporated in a 
two-stage manner, with gasoline evaporated first, followed by kerosene.  Although 
kerosene became the most volatile (lightest) components in the mixture by the end of the 
droplet life, the fuel vapor consisted mainly of gasoline or diesel because of the liquid 
composition at that instant. 
Considering a droplet composed of diesel-biodiesel, due to the vast difference in 
mean molecular weight (185 g/mol for diesel versus about 290 g/mol) for biodiesel.  It 
was expected that a diesel-biodiesel droplet vaporized in a similar manner to a gasoline-
kerosene droplet.  Indeed, diesel evaporated faster than biodiesel in the droplet.  The fuel 
vapor consisted mainly of diesel vapor at the start of evaporation.  This explained the 
non-responsiveness of the biodiesel fraction in the ignition of diesel-biodiesel blended 
fuel.  Due to the fact that initial fuel vapor composed of mainly diesel fuel, the ignition 
process for the blended fuel was thus determined and controlled by diesel.  Complete 
distillation and thermo-physical data on biodiesel in terms of molecular weight or boiling 
point was needed for a full, complete implementation of the model for biodiesel 
applications. 
  
6.4 Recommendations for Future Work 
As a result of the above discussion, it has been shown that multiple injections 
within the same engine cycle could be a way of reducing NOx and soot emissions.  
 217 
Possible further investigations in this area include more than two injections within the 
same engine cycle.  An optimization study can be warranted to determine the „optimal‟ 
operation point.  The study on variable angle cone spray has been based purely on 
numerical work.  Experimental measurements are required for the purpose of verification.  
Current results showed that it was possible to improve engine efficiency with slightly 
improved emissions.  The current study on variable cone angle spray was based on 
diffusion combustion.  Previous studies have shown the possibility of simultaneous 
reduction of NOx and soot emissions with HCCI or low temperature combustion.  
Meanwhile, biofuels are known to burn cleanly with vast reduction of most pollutants, 
except NOx.  Further efforts on low-temperature or HCCI modes of combustion with 
variable cone angle injection are of interest.  Another aspect of improvement in the 
computational work could involve development and implementation of chemical kinetics 
models in KIVA, to improve the combustion calculations.   
In order to fully exploit advantage of the droplet evaporation model presented in 
this study, a parallel derivation for wall film evaporation should be developed.  
Experimentation on multi-component droplet evaporation would be needed to verify the 
accuracy of the current model.  An experimental measurement of multi-component 
droplet evaporation at high pressure ambience was scarce in the literature.  For mixtures 
with widely distributed volatility, micro-explosion can be of important significance in 
engine spray calculations.  Mechanisms for bubble growth, instability and breakup 
process will have to be examined for such a droplet-bubble system.  The current model 
could be extended to include the possibility of micro-explosion in such mixtures.  Gas 
absorption in the liquid phase has been shown to alter the surface tension and therefore 
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the breakup of the droplets evaporating at high pressure ambience.  Such effects need to 
be incorporated in multi-component droplet modeling.  Experiments on with diesel-
biofuel spray and gasoline-biofuel spray should also be conducted to verify the accuracy 
of the model in spray calculations. 
Another interesting aspect for future research is the study the relationship between 
discrete and multiple representations of the liquid mixture.  The current results showed 
that an evaporating continuous liquid mixture never reached an equilibrium temperature 
during the evaporation process.  On the other hand, an evaporating binary discrete 
mixture would reach an equilibrium temperature at some point during the evaporation 
process.   It is of interest to further study the possibility of using a discrete representation 
and yet reproducing the results of continuous model. 
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APPENDIX A. SELECTED PROPERTY CORRELATIONS FOR 
THE PROPOSED DROPLET EVAPORATION MODEL 
 
 This appendix summarizes correlations for selected properties of a continuous 
mixture represented by a distribution with mean, μ¯ , and standard deviation, ζ, in the 
proposed droplet evaporation model.  Full references of these correlations were provided 
in the appropriate sections in the thesis. 
 
A.1 Boiling Points 
The boiling point is approximated using the linear correlation in Tamim and 
Hallett (1995), given by equation (A.1), 
 Tboil ( )μ¯  = aboil + bboil · μ¯ .  (A.1) 
The coefficients aboil and bboil for alkanes and alcohols are given in Table A.1. 
 
Table A.1 Coefficients for boiling point correlation. 
 
Alkanes 
(Tamim and Hallett, 1995) 
Alcohols 
(Hallett and Clark (2006) 
aboil 241.4 293.1 
bboil 1.46 1.33 
 
 
A.2 Critical Temperature  
The critical temperature for a distribution is approximated using the linear 
correlation in Tamim and Hallett (1995), given by equation (A.2), 
 Tcrit ( )μ¯  = acrit + bcrit · μ¯ .  (A.2) 
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The coefficients acrit and bcrit for alkanes and alcohols are given in Table A.2. 
Table A.2 Coefficients for critical temperature correlation. 
 
Alkanes 
(Tamim and Hallett, 1995) 
Alcohols 
(Hallett and Clark (2006) 
acrit 440.8 460 
bcrit 1.21 1.435 
 
 
A.3 Vapor Phase Diffusivity 
The vapor phase diffusivity, in m
2
/s, (Tamim and Hallett, 1995) is given by 
equation (A.3), 
 D0‚vap ( )μ¯  = ( )aD + bD · μ¯  · 
T
5/2
 κ + T 
 ,  (A.3) 
where T is the gas temperature.  The coefficients aD and bD and the constant κ for alkanes 
and alcohols are given in Table A.3. 
 
Table A.3 Coefficients for vapor phase diffusivity correlation. 
 
Alkanes 
(Tamim and Hallett, 1995) 
Alcohols 
(Hallett and Clark (2006) 
aD 2.89×10
−9
 5.60×10
−7
 
bD − 6.60×10
−12
 − 3.26×10−11 
κ 250 210 
 
The averaged diffusivities for the first and second moments are obtained by substituting 
equation (A.3) and the distribution function, given by equation (5.60a), into  
equation (5.7) and integrate, yielding, 
 D1‚vap ( )μ¯  = 





aD + bD · 
Ψ2
μ¯
 · 
T
5/2
 κ + T 
 ;  (A.4a) 
and D2‚vap ( )μ¯  = 





aD + bD · 
( )γs ζ
2
 + 3 μ¯ ζ2 + μ¯3
Ψ2
 · 
T
5/2
 κ + T 
 ,  (A.4b) 
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where γs is the third moment about mean, commonly known as skewness, of the 
distribution function and is given as, 
 γs = 
2
 α  
 ,  (A.4c) 
for gamma-distribution. 
 
A.4 Vapor Phase Thermal Conductivity 
The vapor phase thermal conductivity, in W/m·K, (Tamim and Hallett, 1995) is 
given by, 
 kvap ( )μ¯  = ak (T) + bk (T) · μ¯  .  (A.5) 
The coefficients ak and bk are temperature dependent and given as, 
 ak (T) = ak1 · T + ak2 ,  (A.6a) 
and bk (T) = bk1 · T + bk2 .  (A.6b) 
The coefficients are for alkanes and alcohols are listed in Table A.4. 
 
Table A.4 Coefficients for vapor phase diffusivity correlation. 
 
Alkanes 
(Tamim and Hallett, 1995) 
Alcohols 
(Hallett and Clark (2006) 
ak1 1.09×10
−4
 1.23×10
−4
 
ak2 − 2.37×10
−2
 − 2.23×10−2 
bk1 − 1.91×10
−7
 − 1.35×10−7 
bk2 3.47×10
−5
 − 1.36×10−5 
 
The thermal conductivity of the air fuel mixture is calculated by the Wassiljewa method 
(Poling et al., 2001). 
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A.5 Vapor Phase Specific Heat Capacity 
The vapor phase specific heat capacity, in kJ/kmol·K, is evaluated using the Chou 
and Prausnitz correlation (1986), 
 Cp‚vap ( )μ¯  = RI  [ ]aC (T) + bC (T) · μ¯   .  (A.7) 
The coefficients ak and bk are temperature dependent and given as, 
 aC (T) = 
j = 0
3
  aCj · T
j
 ,  (A.8a) 
and bC (T) = 
j = 0
3
  bCj · T
j
 .  (A.8b) 
The coefficients are for alkanes and alcohols are listed in Table A.5. 
 
Table A.5 Coefficients for vapor phase specific heat capacity correlation. 
 
Alkanes 
(Chou and Prausnitz, 1986) 
Alcohols 
(Hallett and Clark (2006) 
aC0  2.465 34.42 
aC1  − 1.14×10
−2
 − 0.191 
aC2  1.76×10
−5
 2.14×10
−4
 
aC3  − 5.97×10
−9
 − 8.48×10−4 
bC0  − 3.56×10
−2
 − 0.46 
bC1  9.37×10
−4
 8.40×10
−3
 
bC2  − 6.03×10
−7
 − 6.17×10−6 
bC3  1.324×10
−10
 1.90×10
−9
 
 
 
A.6 Liquid Phase Specific Heat Capacity 
The liquid phase specific heat capacity, in kJ/kmol·K, is evaluated using the Chou 
and Prausnitz correlation (1986), 
 Cp‚ liq ( )μ¯  = ( )aC + bC T + cC T
2
 μ¯ .  (A.9) 
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The coefficients ak and bk are listed in Table A.6. 
 
Table A.6 Coefficients for liquid phase specific heat capacity correlation. 
 
Alkanes 
(Tamim and Hallett, 1995) 
Alcohols 
(Hallett and Clark (2006) 
aC 2.26 3.12 
bC  − 2.94×10
−3
 − 0.0122 
cC 9.46×10
−6
 3.33×10
−5
 
 
 
A.7 Liquid Phase Viscosity 
The liquid phase viscosity is computed using the Orrick and Erbar method (Poling 
et al., 2001), 
 ln σliq ( )φ  = ln ( )ρliq  + ln ( )φ  + 





avisc‚ 1 + 
avisc‚ 2
 T 
 + ln 






bvisc‚ 1 + 
bvisc‚ 2
 T 
  ,  (A.10) 
where the coefficients avisc, j and bvisc, j are given in Table A.7.  Equation (A.10) is then 
integrated with the distribution yielding the viscosity of the distribution function. 
 
Table A.7 Coefficients for liquid phase viscosity correlation. 
 
Alkanes 
(Abdel-Qader and Hallett, 2005) 
Alcohols 
avisc, 1 − 6.92 − 9.68 
avisc, 2  − 0.015  − 0.015 
bvisc, 1 260.9 1747.7 
bvisc, 2 7.07 7.07 
 
 
A.8 Liquid Phase Thermal Conductivity 
The liquid phase thermal conductivity is determined using a modified Sastri 
method (Poling et al., 2001) as, 
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 kiiq = kboil a
m
 ,  (A.11) 
where the constant a equals 0.856 for alcohols and 0.16 for other liquids, kliq is the 
thermal conductivity, kboil is thermal conductivity at normal boiling point determined by 
equation (A.12) for alkanes, 
 kboil = 0.1107 − 5.7033×10
−5μ¯ + 0.01505 (1 − Tr) exp 





1.45 






1 − 
μ¯
72.15
 ,  (A.12) 
and the exponent m is given by,
 
 m = 1 − 
1 − Tr
1 − Tr‚ boil
 ,  (A.13) 
where Tr is the reduced temperature, and, Tr, boil is the reduced boiling point. 
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APPENDIX B. CORRELATING MOLAR-BASED AND  
MASS-BASED DISTRIBUTIONS  
 
The KIVA code outlined in Chapter 2 was modified upon the implementation of 
the proposed droplet evaporation model in Chapter 5.  However, the inter-phase 
equilibrium was calculated on a molar basis, while KIVA was written in mass basis.  As a 
consequence, the mole-based distribution functions must be converted into mass-based 
before the values are passed into subsequent portions of KIVA at each time-step. 
The mole fraction and mass fraction of species j are given by, 
 yj = 
Cj
Cmix
 ,  (B.1a) 
and ymass‚ j = 
ρj
 ρmix
 ,  (B.1b) 
where Cmix and ρmix are the mixture concentration (mole-based) and mixture (density), 
respectively, given by, 
 Cmix = j  yj · Cj ,  (B.2a) 
 ρmix = j  ymass‚ j · ρj .  (B.2b) 
Therefore, the mass fraction of species j can be written in terms of molar quantities, 
 ymass‚ j = 
ρj
 ρmix
 = 
Cj φj
Cmix φmix
 = 
Cj
Cmix
 · 
φj
 φmix
 = yj 
φj
 φmix
 ,  (B.3a) 
where φmix is the mixture molecular weight, i.e. the mean of the distribution function (μ¯),  
given by, 
 φmix = j  yj · φj = μ¯.  (B.3b) 
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Therefore, the mass-based distribution function, τ(φ), can then be related to the mole-
based distribution function, f(φ), as (Lippert and Reitz, 1997) as, 
 τ(φ) Δφ = f(φ) 
 φ 
μ¯
 Δφ = 
 1 
μ¯
 · (f(φ) φ Δφ) .  (B.4) 
The υth mass-based moment is then obtained, by definition, 
 Ψmass‚ υ = 



−∞
 
∞
 τ(z) zυdz . (B.5) 
Substituting equation (B.4) into equation (B.5) yields, 
 Ψmass‚ υ = 



−∞
 
∞
 f(z) z
υ+1
dz = 
Ψmass‚ υ+1
μ¯
 . (B.6) 
Equation (B.6) relates the mass-based moments with molar-based moments.  Substituting 
the gamma distribution that represents the fuel composition in this study into equation 
(B.6), giving the equations for mass-based and moment-based mean and moments, 
 μ¯mass = ( )α + 1  β , (B.7a) 
 μ¯mole = αβ , (B.7b) 
 ζmass
 2
 =  ( )α + 1  β2 , (B.8a) 
 ζmole
 2
 =  αβ2 . (B.8b) 
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